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Abstract
The photoproduction  of the p® and the was studied using d a ta  taken by the N A l ex­
perim ent a t the CERN SPS. The beam was th a t of a tagged photon w ith energy between 
70-225 GeV incident on an active target, which consisted of a m onolithic germ anium  
block and strips of silicon detector. The decay products were detected by the forward 
FRAM M  spectrom eter. The p and the <jj events were identified by their decays into tt+ tt"  
and 7T+ 7t “  7r" channels respectively. Using clean sam ples of events and taking into account 
their respective branching ratios and sim ulated geom etrical acceptances the ratio
was m easured to  be 9.64 ±  0.54. The in teraction-point d istribu tion  of a trim m ed sam ple 
of p" events resulted in the ra tio  of the in teraction  rates in the germ anium  and the silicon 
parts  of the target, leading to the value of a,  which describes the A-dependence of the 
nuclear cross-section by
^  p"A) =  A" (T (iTV p"7V) ,
where A is the nuclear mass num ber. The m easured a  values for the overall and the 
coherent event samples, respectively, are
a  =  1.45 ±  0.05 and 
=  1.44 ±  0.06 .
Preface
T his work was part of a large collaborative program m e involving m any physicists. My 
contribu tion  was to the d a ta  taking and analysis. I had specific responsibility for the 
vector meson photoproduction analysis as well as contributions to the studies of the 
properties and efficiencies of parts of the apparatus used in the charm  lifetime deter­
m ination . I am co-author of publications, on such m easurem ents, the first of which is 
now in press with Zeitschrift fur  Physic (Ac P hotoproduction and lifetime m easurem ent, 
C ER N -E P/87-139).
W hat follows describes the contributions m ade to  the work presented here.
C hap ter 1 contains the theoretical and experim ental reviews, chapter 2 describes the 
spectrom eter built prior to  my joining the experim ent. C hapter 3 consists of the basic 
d a ta  processing, which was a collaborative effort in which I participated . C hapters 4 and 
5 describe my specific work on the analysis.
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Introduction
Since the form ulation of the Vector Dom inance Model speculation has been continuing 
as to the natu re  of the photon and its behaviour in interactions! 1,2]. Of particu lar in­
terest is the way the photon in teracts w ith a single nucleon and m ulti-nucleon nuclei. 
The link between the two types of in teraction is characterised by their photoproduction  
cross-sections as a function of the num ber. A,  of nucleons in the nucleus. By determ ining 
th is A-dependence, from the appropriate production  mechanism s (coherent and incoher­
ent), an insight into the way the photon in teracts w ith a nucleus may be gained. An 
opportun ity  to  investigate such interactions was presented by the d a ta  available from 
the N A l photoproduction  experim ent. D ata  were taken w ith an e“ beam  producing a 
brem sstrahlung photon of 70 — 225 GeV energy incident on an active ta rge t, com prising 
a m onolithic germ anium  and strips of silicon detectors. The m easurem ents presented 
here are the results of an investigation of the p° and the events produced in the 
two parts  of the target. Due to  lack of adequate sta tistics for the production  this 
resonance was not used in the A-dependence m easurem ent. However it was utilised in 
m easuring the p/w  production ratio , which serves as a m eans of com parison w ith the 
theoretical predictions. The choice of the p®, as opposed to any o ther resonance, for 
the A-dependence m easurem ents, was due to  its com paratively sim ple structu re  (though 
broad w idth) and relatively higher production rate . The sim ple decay mode (the p alm ost 
always decays into two charged pious) was instrum enta l in understanding the ta rge t be­
haviour. The decay products of the resonances were detected  by the various parts  of the 
FRAM M  spectrom eter, consisting of drift cham bers and m ultiw ire p roportional cham ­
bers to  detect charged particles, Cherenkov counters to identify the charged particles, 
and calorim eters to detect neu tra l particles and discrim inate between charged particles. 
The form at of this report, presenting the results of the and w® analysis, is as follows:
chapter one contains the theoretical argum ents and the relevant models w ith their predic­
14
tions for both  the A-dependence and the p/uj production ratios. Also included are some 
of the other experim ental results pertain ing to  coherent productions. In chapter two a 
description of the apparatu s is presented. C hap ter three comprises the d a ta  acquisition, 
descriptions of the hard and the soft triggers, spectrom eter perform ance and particle 
reconstruction processes. In chapter four the event selection processes are dealt w ith, 
followed by the p, w analysis of the d a ta . This chapter also included the d a ta  - Monte- 
Carlo com parisons of the two resonances, along w ith the fitting procedures and their 
production  ra tio  calcultion. The ta rge t analysis and the A-dependence m easurem ents 
are given in chapter five, after which the conclusion is presented.
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Chapter One 
Photoproduction & Physics of Vector Mesons
In tliis chapter the phenom enological aspects of photoproduction  theory, w ith particu lar 
reference to  the relevant vector mesons, are presented.
Included in this is a discussion of the dual natu re  of the photon taking p art in the interac­
tion, followed by the photoproduction  of vector mesons in the context of various theories, 
such as the Vector Dominance M odel(VDM ), the quark model and the photon-gluon fu­
sion model. Finally, after discussions on the shape and the coherent and incoherent 
productions and their A-dependence, a review of the results by other experim ents are 
presented for com parison.
l . a . l  D u a l  N a tu r e  o f  P h o to n
The concept of the photon originated in the early years of the form ulation of quantum  
mechanics. A massless particle, w ith spin 1, the photon, up to abou t 25 years ago, 
was thought to be structureless, apart from its pair production  property. However it 
has been suggested[3] to have an in ternal structu re  which is very sim ilar to  th a t of 
hadrons, except th a t it occurs w ith a relative probability  in the order of the fine structu re  
c o n s tan t(~  1/137). In com parison to the pair production, which only occurs when the 
energy >  2 c^, the hadronic structure of the photon becomes appai ent a t energies >
a few GeV. This is illustrated  by the sim ilarities between photon-hadron interactions and 
other hadron interactions[4j. The presence of this hadronic structu re  m ay be a ttr ib u ted  
to an in teraction  allowing a photon to  be transform ed into a vector meson, such as p, w 
or Therefore, taking into account various scenarios concerning its structu re , when
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in teracting  w ith m atte r, the photon can behave in the following three ways[5]:
(1) as an elem entary point-like par ton corresponding to  a quan tum  of the electrom ag­
netic field interacting  w ith quarks from the ta rge t. Such interactions, considered to 
be “hard  scattering” , are characterised by high p t  final states. The lowest-order 
diagram s for the basic processes in this category are presented in Fig. 1. 1. The 
first process is the fundam ental deep inelastic(Q ED) C om pton scattering[6- 8] of the 
incident photon resulting in a p rom pt photon in the final s ta te . Fig. 1.1a. The sec­
ond process is th a t of “QCD C om pton” resulting in a gluon[9], Fig. 1.1.b. This 
is the QCD analog of the QED process. Figure 1.1.c represents the photon-gluon 
fusion, which is the QCD equivalent of the Bethe-H eitler pair production process. 
In th is case the photon is considered to be electrom agnetically coupled to  a v irtua l 
qq pair, which then scatter off a gluon from the ta rge t nucleus and fragm ent into 
the final sta te  hadrons. This fragm entation  is not clearly understood, however it 
is assumed to  be a soft (low process, occurring w ith un it probability. The first 
order l  g qq d iagram  is exactly the sam e as th a t of the first order a  ^  qq except 
for a difference in the gluon-quark and photon-quark  vertex coupling constants! 10).
(2) as a hadron-like photon characterised by a superposition of neu tra l vector mesons, 
carrying the same quantum  num bers!ll]. This type of process(VDM ) includes 
diffractive(or elastic) and inelastic vector meson production. The transform ation  
of the photon into vector mesons comes about by its constituen t qq p a h , Fig. 1.2 , 
building up a form factor, through soft gluon exchanges, hence becoming, in effect, 
a vector meson. As a result the photon in teracts, here, as a vector meson m ediated 
by pom eron exchange! 12]. This m echanism dom inates in low-pT photon-induced 
in teractions, “soft scattering” , and will be discussed more fully later.
(3 ) as a quasi-independent qq pair. Fig. 1.3, in teracting  w ith the ta rge t before soft gluon 
exchange has form ed a form factor. These hadronic com ponents, described by QCD, 
are referred to as the “anom alous com ponents” of the photon structu re  function. In
17
th is case the structu re  function behaves as in /  A^) w ith A < C  P t  E-y while 
in the VDM it grows as 1 /  In {Q^) w ith pT % A, where A is the strong interaction  
scale param eter! 13,14], whose more recent m easurem ents give values in the range 
100 -  300 MeV!l5,16].
l . a .2  T h e  Q u a rk  M o d e l
This is the m odel which describes the com position of hadrons and the behaviour of their 
constituen t quarks. It requires several types or flavours of quarks characterised by quan­
tum  num bers which are conserved in the strong interactions. Such conserved quantities 
result in the invariance principles applying to  the hadron sta tes and to  hadron-hadron 
interactions. It is notable th a t some of these principles, such as th a t of isospin invariance, 
had existed before the quark theory was devised!l7]. The pa tte rn s  in the hadron sta tes 
may be used to classify hadrons into sets, the Special U nitary  SU 3  m ultip lets, which are 
generalisations of isospin m ultiplets. The S U 3  sym m etry group was also instrum enta l 
in predicting masses, decay w idths, etc.. An extension of the S U 3  classification is the 
SUq  group which includes the spin, J ,  of the particles and contains the S U 3  <S) SU 2  as 
a subgroup. In the Gell-M ann SUq quark model! 18] the quarks have three flavours (up, 
u, down, d and strange, s) and no colour while a more com plete model, SUg 0  SU^,  
would include the fourth flavour (charm, c) and colour. The basic argum ent of the SUg 
quark model hypothesis] 19,20] is as follows:
( 1) three particles u ,d ,  and s quarks exist either as real objects or as v irtua l states 
reflecting some higher symm etry. They are fermions of spin 1/2 and baryon quantum  
num ber, B, of 1/3,
(2) to each quark there corresponds an an tiquark ,
(3 ) mesons are m ade up of qq com binations, as in the 3 0  3 direct p roduct in SU 3 ,
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(4) baryons are m ade up of three quarks, as qqq.
Ill the case of mesons and on the basis of exact un ita ry  sym m etry, the 9 states(g, qj , i =
1, 2, 3 and j  =  1, 2, 3) of the SU^ decomposes as
3 0  3 =  8 ® !
into a singlet and an octet members. For the vector mesons(p, w, (^,..., w ith = 1" )
where the q and q have spin trip le t com binations in the s-sta te, the octet-singlet mixing
is som ew hat large. The quark flavours assigned to the vector meson nonet is shown 
in Fig. 1.4. The masses of these states, predicted by such a quark mixing, have been 
confirmed experim entally. A nother feature of this is the prediction of ss  com bination 
for the (f) although the phase space favours a 37t decay (branching ra tio  ~  15%), which 
is suppressed. This suppression is described by the Zweig rule in term s of a m ultigluon 
interm ediate sta te .
Using this model the cross-sections of the photon reactions may be calculated. In la ter 
parts  of this chapter the realtive cross-sections of the p, w and 0  will be given as a means 
of com parison w ith o ther models. In addition the elastic cross-sections may be related 
by the naive additive quark m odel[2 l], which in the case of p^ predicts
2
c r ( 7 p  - >  / p )  -  ^ - 2  ■ 2  +  o- ( 7 t“ p  7t" p ) ]  . ( 1 . 1 )
The corresponding prediction for the (f) photoproduction cross-section off proton, p, using 
the 7rp and Kp data[22,23], describes well the energy dependence of the cross-section.
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l . a .3  V e c to r  D o m in a n c e  M o d e l
The behaviour of the photon in interactions may be best investigated by using m ulti­
nucleon nuclei[24]. A m echanism describing such in teractions is th a t of VDM. The corner 
stone of this model is th a t the photon is in a hadronic sta te , as a result of its coupling 
to  pairs of qq, which is overwhelmingly m ade up of neu tra l vector mesons such as 
and <f). Hence
where is the photon-vector meson(V) coupling constant. The coupling to  the quark 
pairs has a strength  proportional to the quarks’ electric charge(e,J as given by
The values of the coupling const ants (Exp. 1 .2) for the vector meson contents of the 
photon may be used to estim ate their relative production cross-sections. T his is a con­
sequence of the VDM relating the differential cross-section of a photon-induced reaction 
to  th a t caused by a vector meson as
(1-3)
where t is the four-m om entum  transfer squared and A  is the mass num ber or the num ber 
of nucleons in the ta rge t nucleus.
The life-time of this v irtua l vector meson, i.e. the tim e the photon spends in a particu lar 
qq s ta te  is given by the uncertain ty  principle to be p roportional directly to the photon 
energy, E.y, and inversely to  the mass of the state[25 |. As a result of th is as well as 
having a preferred quark content the is the m ajor hadronic constituen t of the photon.
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Tliis m eans tlia t a t liigli energies the length of the flight of the photon in a v irtua l p" 
s ta te  can be m any ferm is(c./. mean free path  of ~  1 fm for p^) therefore one can assume 
th a t the photon dissociates outside of the nucleus and in teracts w ith the nuclear m a tte r 
as a vector meson. Hence the photoproduction  of vector mesons may be regarded as 
the elastic scattering of a v irtua l vector meson off the nucleus and becoming a real one, 
Fig. 1.2 , which can then be observed through its decay products. This is in contrast 
to  the case in which the photon is regarded as having an essentially infinite (hundreds of 
fermis) mean free path  in nuclear m atte r. It may be th a t, in the la tte r  situation , the 
photon travels through the nucleus until it encounters a nucleon, producing a meson, 
which causes further m ultiple scattering[26| on its way out of the nucleus. Provided th a t 
all the diagram s, which contribute to  the final s ta te  being calculated, are added up the 
results of the la tte r  scenario will be identical to  those of the VDM[27].
In the case of the photon causing m ultiple scattering  w ithin the nucleus all the constituen t 
nucleons would have an alm ost equal probability  to in teract w ith it. This would result 
in the relation
(x{A) = A a { N )  (1.4)
where cr(A) is the to ta l cross-section and cr(iV) is a weighted average of to ta l cross-sections 
on the nucleons. On the other hand in the context of the VDM , due to  the relatively 
shorter ranges of vector mesons, the pho ton’s, or its vector meson constituen ts’, in itia l 
in teraction would be prim arily w ith those nucleons on the incom ing side of the nucleus. 
T his leads to  the la ter nucleons, along the photon pa th  in the nucleus, to participa te 
in secondary reactions which do not add to the to ta l cross-section. In o ther term s the 
photon loses its hadronic properties and begins to behave as a bare photon w ith a very 
sm all probability  of further prim ary interaction. This phenom enon is referred to as the 
shadowing effect since the ability of the photon, once it has become bare, to  in itia te  any 
interactions is shadowed. At low energies(a few GeV) the form ation tim e is short hence
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rendering this effect un im portan t.
Here Eq. 1.4 becomes
a [A) = A ^ a { N )  (1.5)
where a  was suggested to be 2 /3  as a consequence of the surface effect[3], and A'” may 
be thought of as the effective mass num ber, i.e.  the actual num ber of nucleons taking 
p art in the interaction. The in teraction is given to be a pure short range one in the case 
of the former, and a long range one in the la tte r.
The optical theorem[28j fu rther allows the VDM to relate the differential cross-section for 
vector meson photoproduction to the to ta l meson production cross-section assum ing an 
im aginary am plitude for the vector meson. Also linked by th is theorem  are a  (7 A )(to ta l) 
and X),, w </,... (^^ )>  where the sum runs over the hadronic constituents of the photon. 
However sum m ing over the and <f>^ only accounts for between 75% to 85% of the
observed cross-section. This implies th a t the original assum ptions of the VDM were too 
restrictive, hence leading to the extension of the VDM known as the Generalised VDM, 
or GVD[29]. The discrepancy between the cross-section and the VDM pred ic tion[30] 
could be due to the higher mass vector states, which participa te in shadowing. The idea 
of such a participation  gains credence by the observation th a t the effective mass num ber 
decreases w ith energy. These higher mass states, included in the GVD bu t not in the 
VDM , are suggested to be the rad ia l excitations, associated w ith the original
vector mesons.
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l . a . 4 V e c to r  M e so n  A n g u la r  D is t r ib u t io n
The VDM requires th a t certain properties of the vector mesons should be the same 
as those of the photon itself. One such property  of the vector mesons is their spin, 
characterised by the decay angular distributions, IV(cos 0 ), which can be described
W  [cosOyXp) oc s in ^ 0 ( l  +  P~,{cos2ip)) (1.6)
if p^, e.g., carries the same polarization as the photon. Here 9,<f> are the po lar and the 
azim uthal angles of in the p® rest frame, 0  is the azim uthal angle of the photon 
electric field vector projected onto the helicity X-Y plane, = <f) — ^  and P^ is the 
linear polarization  of the pho ton (0 <  <  1). As it has been s ta ted  the photon
has spin 1 which is conserved in interactions. In the case of diffractive vector meson 
photoproduction  three frames of reference are used to  determ ine the way the photon 
spin properties are conserved. These are
(1) the Helicity fram e(s — channel,5(7FC ), where the z-axis is the direction of the vector 
meson in the overall(7 A) centre of mass system (CM S), i.e.  opposite to  the direction 
of the outgoing nucleus in the vector meson rest system,
(2) the G ottfried-Jackson fram e((-channel), where the z-axis is the direction of the in­
cident photon in the vector meson rest frame,
(3) the A dair fram e(7 A CMS), where the z-axis is along the direction of the incident 
photon in the overall (7 A) CMS.
In the case of forward-produced p" events, as in this experim ent, all three fram es coin- 
cide[3l].
23
l  a .5 T h e  p" S h a p e
In in terpreting  d a ta  from early experim ents on p'^-photoproduction off nuclei, m any dif­
ficulties, bo th  theoretical and experim ental, were experienced. Some of these difficulties 
still, to some extent, exist to this day. One such problem , in deducing the cross- 
section, was to separate the observed mass spectrum  into p and background. One reason 
for th is is the p peak being very b road(l54  M eV/c^) and ra th e r skewed. The skew­
ness, asym m etry of the mass peak about the p mass, is believed to be a consequence 
of an interfering background, which has been suggested[32] to be a coherent effect even 
though the d a ta  may contain an incoherent com ponent as well. This is because the shape 
changes as a function of t, becoming less skewed at larger |t | values. A nother effect of 
such a background is a downward shift in the mass of the s ta te  produced in diffraction 
dissociation. As a result of this, non-resonant, m ainly p-wave, background the p mass 
spectrum  is not adequately described by merely a simple Breit-W igner plus a phase-space 
background. To account for th is shortcom ing one theory, the Soding model[33], suggests 
the use of modified differential p cross-section as a function of mass, and another, the 
Ross-Stodolsky model[34], the inclusion of the factor
m  I (17)
as well as the Breit-W igner term  to describe the p mass. The exponent n is a variable 
of the fit of the mass distribution . The form of the Exp. 1.7 is consistent w ith the 
dim inishing background at the p mass. It should be noted th a t in fitting the p mass 
d istribu tion , in this experim ent, the la tte r prescription was utilised.
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l . b . l  C o h eren ce  Sc A - d ep en d en ce
One of the properties of the elastic scattering, as in the case of the photon-nucleus scat­
tering in the context of the VDM, is a forward scattering  am plitude p roportional to A, 
w ith A  as the mass num ber of the nucleus. This proportionality  is due to the nucleus 
taking p art in the scattering  as a whole, leading to the am plitudes on individual nucleons 
being added coherently. As a result the m agnitude of the forward cross-section should 
increase as A ^ . The properties of forward-direction and A^-dependence are consequences 
of diffractive scattering. In the incoherent case the A-dependence has the form A^ since 
the individual nucleons play a more direct role, leading to the cross-section being, essen­
tially, given by the sum of the squares of the am plitudes.
It should be noted th a t a t this point, in both  coherent and incoherent cases, the con­
stitu en t A nucleons of the nucleus are thought to be weak scatterers and the nucleus is 
com pletely transparen t, i.e. the incident photon would indicate no shadowing.
The equivalent production process to coherent scattering  is the coherent production  
whereby the nucleus, on interaction w ith the incident particle, does not break up and 
rem ains in its ground sta te  and the to ta l am plitude is the coherent sum  of the am plitudes 
for production on individual nucleons. In contrast to  this is the incoherent production  in 
which the nucleus is excited or breaks up(not in its ground sta te) and the cross-section 
is given by the sum of the squares of the am plitudes for p roduction  on the individual 
nucleons. This m eans th a t in the former scenario the nucleus behaves as one structu red  
final-state entity  and in the la tte r as a com bination of nucleonic final states.
However in practice, since nucleons are strong scatterers of incident hadrons, m ultiple 
collision effects become im portan t in nuclei and result in an A-dependence sm aller than  
A^. This is com patible with the calculations for heavy nuclei where the forward p pro­
duction  am plitude (cross-section) has an A^/^ (A'*/^) dependence. This A-dependence of 
the am plitude is the same as th a t of the p-nucleus cross-section[35] since the p is strongly 
absorbed in nuclear m atte r, (section l.a .3 ). Of course this A-dependence may vary for
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nuclei of different nucleon density.
The coherent photoproduction  cross-section may be w ritten  in a general form as
VA]  =  A ^ ~ { j N  ^  (1.8)
Jtmax
where 7 (t) is the appropriate form factor for various, light, m edium  and heavy, categories 
of nuclei, in which cases the shapes of the charge density may be of different forms[36]. 
The prescribed(37] form factor T{t)  for elements from A/(A =  27) to U(A =  238), hence 
for Ge and Si, is given to be
f { t )  = gh 't/G  / I  -  [ c^ t / Q]  (1.9)
w ith 6 =  2.4 fm (12.2 G eV "^) and c =  1.07 fm, 4.5 fm (22 .6 GeV~^) for Ge and
3.2 fm (l6 .5G eV “ )^ for Si. The param eter b indicates the distance between the 90% and 
10% values of the charge density and is referred to as the nuclear skin depth , while c is 
the distance from the centre of the nucleus to the radius where the charge density has 
dropped to half its value a t the centre. As part of this work a check, on the A-dependence, 
was carried ou t by inserting Eq. 1.9 into Eq. 1.8 , along w ith  the appropriate  values of 
6 and c. The result, a t the N A l energy range, was an A-dependence of the type A"^/^. 
However it should be borne in m ind th a t a purely dependence represents a fully
coherent(opaque) production.
To distinguish betwen coherence and incoherence the t-d istribu tion  of the production is 
utilised since one of the characteristics of the coherent production  is th a t it dom inates
at low values of t, as seen in this experim ent, exhibiting m axim a and m inim a while at
higher values of t incoherent production prevails.
26
l . b .2  p, w, (j) R e la tiv e  C ro s s  - S e c t io n s
As sta ted  earlier the relative production cross-sections of the vector mesons may be rep­
resented by the ratio  of the squares of their coupling constants given in Table 1.1. 
The sim plest prediction comes from 5 C/3 plus a m ixing angle of 35° from SUq.  Such 
a prediction, however, is modified by considering different m odels in S U 3 . Because of 
errors, such as sta tistica l ones, present in the available d a ta  no one scheme can be cate­
gorically excluded, although Sakurai’s predictions, particu larly  for the w rate , seems to 
som ew hat disagree w ith the data .
A quark m odel calculation[38] is in fair agreement w ith the d a ta  as is th a t of VDM. In 
arriving a t its results the quark model assumes the qq po ten tia l to  be flavour independent 
and the vector meson masses roughly equal.
In some cases the leptonic w idth, Fee, in e+ e "  —+ V, is used[39]. This w idth  is con- 
nected[40] to the coupling and since only the ratios of the cross-sections are considered 
here the values of the w idth may be used for com parison.
It should be noted th a t some of the ratios in Table 1.1 have been norm alised to  =  9 
for com parisons to be m ade more easily.
l . b .3  O th e r  C o h e re n t  E x p e r im e n ts
In the past m any experim ents have been carried out to investigate the coherent produc­
tion  and its A-dependence. For this purpose variety of nuclei have been used as target 
w ith, generally, photons and hadrons as the incident beam.
Early experim ents observed, mainly, the coherent production  of light vector mesons, 
such as the p and the w, due, partly, to lim its on the beam  energy and production rates 
a tta inab le . Most of these experim ents were principally concerned w ith calculating the p- 
nucleon cross-section(cr,,^r) and the p coupling constant. In such cases the A-dependence 
of the cross-section was m ainly presented by the plots of the (differential) cross-section
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versus the m ass iium ber(A ). Therefore the A-dependence results, reviewed here, are 
given in term s of a-values as worked ou t from these plots. The errors, unless s ta ted  
otherw ise, derive from the uncertain ty  in reading values off the plots.
An early experim en t[41) used a 5.5 GeV photon beam  to investigate the p photoproduc­
tion  in the forw ard direction off such ta rge t nuclei as H, C, Al, Cu. One of the deductions 
they arrived a t is th a t the dependence of the p-photoproduction  cross-section on the pho­
ton  energy, p roduction  angle and the mass num ber of the ta rg e t nucleus ind icated  the 
dom inance of a diffraction-like m echanism . T heir results of the A -dependence of the p dif­
ferential cross-section, a t 0° and 4.4 GeV, suggested a coherent production  (a  =  1.5 ± 0 .2 )  
and, when ex trapo lated  to t =  0, showed a “strik ing” sim ilarity  w ith  th a t of the  pion 
diffraction scattering .
A nother experim ent[42j, investigating the p pho toproduction  from  com plex nuclei, used 
a 9 GeV photon beam  incident on Be, C, Al, Cu, Ag and Pb ta rge ts. T heir p lo ts of the 
differential cross-section, as a function of t, showed the diffraction m in im a to  decrease 
slightly  as A becam e larger[43|. In the case of Cu(A  =  64), nearest to  Ge, the first 
diffraction m inim um , w ith in  which events were considered to  be coherent, occurred a t 
t =  0.03 (G eV /c)^ . The value of a  was deduced, from  the A -dependence d istribu tions, 
to  be 1.4 ± 0 .2 .
In an exercise to  com pare the coherent p° pho toproduction  results w ith  theory  the d a ta  
of ano ther experim ent were fitted elsewhere[44| for various t values up to  0.009 (G eV /c)^ . 
T he d a ta  had been taken w ith photon beam s of 5.8 - 6.6 GeV energy incident on Be, C, 
Al, T i(A  =  48), Cu and Ag targets. W ith  a photon beam  of 5.8 GeV and a t t =  0.001 
(G eV /c)^  the value of a  was estim ated to be 1.3 ±  0.1. The choice of t-value indicates 
th a t th is value of a  corresponds to the region where coherence dom inates.
An experim ent[45| to  investigate the coherent hadroproduction  of the 37t s ta te  used a 16 
G eV /c  pion beam  incident on an active Si ta rge t. A lthough they did no t deal w ith  the 
A -dependence of the production  in dep th  nevertheless the ir results showed th a t the inco-
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lièrent contribution  could be strongly reduced by the use of an appropriate  “live” target 
selection. This reduction was observed both in the region of the forward p eak (t' <  0.03 
(G eV /c)^) and elsewhere.
A nother investigation[46] of the 37t hadroproduction  was carried out using a 23 G eV /c 
pion beam  incident on C, Al, Cu, Ag and Pb target. In this case the coherent events 
were separated  by choosing a t ' cut-off containing ~  90% of the coherent production, as 
given by a fit of the t ' d istribution . This showed, once again, th a t the first diffraction 
m inim um  decreased as A  grew larger. The plot of the coherent cross-section versus A 
was used to estim ate an a-value of 1.4 ±  0.1.
M easurem ents[47] of the diffractive coherent m ultipion production  from com plex nuclei 
were carried out by another collaboration using an incident pion beam  of 15.1 G eV /c. 
The ta rge t nuclei were Be, C, Al, Si, Ti, Cu, Ag, Ta and Pb. The observation of the an­
gular d istributions, dcr/dt',  showed forward peaks characteristic of the size of the ta rge t 
nucleus. The Ta ta rge t d a ta  was analysed in detail, w ith various correction factors in­
cluded, and the results were found to be in agreem ent w ith the optical m odel particularly  
w ithin the diffraction region(t' <  0.01 (G eV /c)^). The analysis of this experim ent does 
not include an explicit value of the exponent of the mass num ber. This, however, was 
estim ated, using the coherent events in the mass interval 1.0-1.2 G eV /c^, to  be 1 .2± 0 .1 . 
More recent results on coherent photoproduction  A-dependence were reported  by a Fer- 
m ilab group[48|, which used a 210 GeV e“  beam  to produce tagged photons in the range 
80 — 190 GeV. The photon beam  was incident on a one m eter liquid H ta rge t, followed 
by one of three long («  2.7 rad iation  lengths) targets of Be, Fe and Pb. A fter detecting 
dim uons from the leptonic J/rp decays and correcting the cross-sections for the t,„i„ they 
determ ined the value of a,  for coherent production, to be 1.40 ±  0.06 ±  0.04.
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Chapter Two
2 .a  T h e  S p e c t r o m e te r  D e s c r ip t io n
The FRA M M  spectrom eter, Fig. 2 .1, was originally designed for ano ther experim ent and 
la te r modified to investigate the charm ed meson pho toproduction  off germ anium  (Ge) 
and silicon (Si) nuclei and to  measure their life tim es (49 ).
The ta rg e t was a block of Ge crystal succeeded by some Si layers. It was surrounded 
by a set of counters to detect particles from nuclear break-up. Beyond the counter was 
placed the vertex detector, consisting of a set of four drift cham bers before and after 
which a com pact system  of m ultiw ire proportional cham bers (M W PC s) were positioned 
in order to  determ ine the charge m ultiplicity  of events. After the second M W PC  and 
before the front shower detector (FS) a scin tillation  counter, called fron t anti, rejected 
w ide-angle tracks, allowing those w ith sm aller angles to  enter the m agnetic spectrom eter. 
The first two m agnets, enclosing a Cherenkov counter each, were situa ted  beyond the 
shower detector FS and S D l and the th ird  m agnet beyond SD 2.The gaps between the 
shower detectors and their preceding m agnets were occupied by m ultip le pairs of drift 
cham bers, w ith  each pair m easuring the positions of tracks in bo th  X and Y directions. 
The exception to th is was SD5 which was placed im m ediately  after SD4. The shower 
detec to r SD3 had been removed for this experim ent. By convention the distance between 
each m agnet and its subsequent shower detector is referred to  as a stack, hence, for 
exam ple, stack 2 constitu tes the first m agnet, S D l and the intervening drift cham bers. 
In the rem aining sections of this chapter the individual com ponents of the spectrom eter 
are discussed and their relevant characteristics presented.
30
2 .b  T h e  B eam
T he beam  H 4/E 4 of the CERN  N orth Area was used in tliis experim ent w ith  a view 
to providing electrons, w ith m axim um  flux and m inim um  background in the m om entum  
range 120 - 225 G eV /c, and a m om entum  resolution of 1.4 %, as a source for the pro­
duction of a narrow  photon beam . The beam  incorporated  the following tw o-stage e~ 
production . Fig. 2 .2 :
( 1) p(450GeV, ~  2 • 10 ^^  ppp) +  Be (40 cm) ta rge t —^ tt® —> 2q 
w ith the charged particles swept away by a m agnet and dum ped;
(2 ) q +  Pb (0.5 cm, ~  1.0 Xo) converter —^ e+ e "  .
At the ta rge t s ta tio n  T 2 the e“ production ra te  was e /p  >  10”  ^ . F urther down stream
was situa ted  the beam  optics whose aim  was to produce a focussed e "  beam  of m axim um  
purity  w ith the desired m om entum  and intensity, giving a m axim um  angular acceptance 
(for p <  200 G eV /c) of fl ~  2 .2 /xster, [50). The m ain con tam ination , for the e~ 
beam , was due to 7r~ from K*’ —> 7r"*'7r“  decay upstream  of the converter which was 
com puted to be ~  2% a t pe =  150 G eV /c. Also a t this m om entum  the m ean energy loss, 
by synchrotron rad ia tion , of electrons in passing through the beam  line m agnets, was 
~  0.85%. Before the final stage of their journey, th rough  the lead rad ia to r, the electrons 
had the ir ra tes and energies m easured by a scintillation counter BOO, which was included 
in the trigger. This beam  had an intensity of ~  3 • 10° epp a t 175 GeV, reaching a 
m axim um  energy of 225 GeV.
T he conversion of electrons into photons, by the brem sstrahlung process[5l), took place 
in a 0.5  m m  (0.1 Xn) lead rad ia to r. The outgoing tagged electron was deflected, by 
a n ia g n e t(B ll) , towards the tagging hodoscope and trigger counters while the tagged 
b rem sstrah lung  photon passed through a collim ator. The num ber of photons produced
per burst, in th is way, above an energy of 75 GeV, was 10°.
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2.C T h e  T agg ing  S y stem
The energy of the photon beam  was m easured using the energy and the position of 
the tagging electron, Fig. 2.3. C harged particles, produced in the lead rad ia to r along 
w ith the tagged photon, were deflected by a m agnet of 4.4 tesla m eter. The electrons 
were deflected toward the tagging calorim eter, passing, on their way, th rough a set of 
tagging d rift cham bers. These cham bers were m ainly used for calib ration  purposes, to 
m easure the deflection of electrons leading to  their energies and hence those of the tagged 
photons, therefore providing a means of com parison w ith the calorim etric m easurem ents. 
The tagging calorim eter, positioned ~  3.5 m away from the rad ia to r, consisted of 3 lead- 
glass and 27 scintillation counters. The first four counters, T T i,  accepted electrons of 
70 — 105 GeV energy. Electrons of 34 — 70 GeV ended up in counters 5-11, TTg, those 
w ith 15 — 34 GeV in counters 12-27, T T 3 , and the ones below 15 GeV were swept tow ard 
the lead-glass counters 28-30, T T 4 . High energy electrons, > 160 GeV, conesponding  to 
the very low energy photons, entered a beam  dum p near the collim ator.
P a rt of the signal arriving in each tagging counter was directed to  its corresponding 
trigger counter, one of T T i — T T 4 . The o ther p a rt was sent on to  the ADCs for energy 
and position m easurem ents.
From the m easurem ent of the bending power of the tagging m agnet, carried ou t w ith a 
25 GeV e“ beam , the electron energy was calculated w ith  a resolution
5E E=  — % w ithout the tagging cham bers, or 
E 60
5E E—  = ----- % w ith the tagging cham bers
E 300
where E is in GeV. "
The calorim eter lead-glass counters were calibrated  w ith 25 GeV and 50 GeV electron 
beam s, a t an incident ra te  of 300 per burst, centred in the m iddle of each counter. The
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ca lib ra tion  constan ts were fitted and the beam  energy reconstructed , giving an average 
calorim etric resolution, FW HM , of
5E 53%
A lthough the calibration constants varied, by ~  4%, w ith the e~ - beam  energy neverthe­
less the calorim etric resolution rem ained the same. C alib ration  errors, such as those from 
the  tagging cluster reconstruction procedure, along w ith the effect of the g ap s(~  1 mm) 
between the counters, resulted in the calorim etric energy resolution being som ew hat 
worse than  th a t obtained by the m agnetic m ethod.
The position of the tagging electron was m easured using bo th  the tagging cham bers (where 
present) and the calorim eter. In the la tte r case the position was reconstructed  by u til­
ising a “cluster” algorithm  whereby the num ber of counter clusters corresponded to the 
num ber of consecutive counters fired. For 2-counter and 3-counter clusters, form ed by 
signals from two and three counters respectively, the results were fitted w ith  a gaussian 
d istribu tion . Of course the three lead-glass counters near the bend B l l  could only pro­
duce 1-counter clusters, in which the selected position was the centre of the counter. 
The resolution w ith  which the position was m easured is given by an r.m .s. of ~  0.3m m  on 
the absolute tagging position and an r.m .s. of 0.4 mm on the position from  the cham bers. 
T he position resolution from the calorim eter resulted in a  =  2.2 m m, which included the 
effect of the gaps between the tagging counters. Since the cham bers were no t always in 
opera tion  the calorim etric reconstructed position was used th roughou t for consistency. 
T he position discrepancy also m anifested itself as the difference in the electron energy, as 
m easured in the calorim eter and by the m agnet B l l .  This difference was due to  errors in 
the calib ration  or to  drifts of the photom ultipliers. A lthough there were very few events 
in which the two energies differed significantly, nevertheless the selected energy was the 
one from the m agnetic analysis.
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2 .d  T h e  T a rg e t
The novel p a rt of the FRAM M  spectrom eter was its solid-state live ta rg e t [52] consisting 
of a m onolithic germ anium  crystal and a telescope of silicon wafers, Fig. 2.4, used for 
detecting  the vertices of particle decays by m easuring the charge-m ultiplicity  variations 
as a resu lt of changes in the am ount of ionisation along the ta rge t, Fig. 2 .5 . The 
properties of the bo th  parts  of the target [53,54] are given in Table 2 . 1. The choice 
of germ anium  was prom pted by its low ionisation energy leading to  a relatively large 
num ber of electrons released by one m inim um  ionising particle, MIP, crossing a certain  
thickness of the detector. As a result a finer granularity, required by decay life-tim es of 
the order 10“ ^° s, was achieved in com parison w ith the less refined original N A l silicon 
ta rg e t [55,56,57], in which the signal due to  the ionisation of M IPs was approxim ately  
p roportional to the detector thickness, hence placing a severe lim ita tion , as a consequence 
of increased capacitance, on the signal to noise ra tio  [58].
T he original N A l experim ent had drawn experience from an earlier one using a tt"  beam  
on silicon[45]. The germ anium  crystal, placed inside a cryostat, w ith  steel windows of 50 
/zm before and after it, and operated a t 77° K and 10"®torr, had a m u ltitude of electrodes 
(strips) deposited on the upper face, and the lower face acted as an ohm ic contact [59]. 
D uring the 1983 data-tak ing  98 strips, 25 /zm wide and 25 /zm ap a rt, i .e.  a pitch of 50 
/zm, were used while in 1984 the num ber of strips on the upper face of the detector was 
50 w ith a pitch of 100 /zm, [60]. The change in the num ber of electrodes was m otivated  
by the increased capacitance of the former detector. The first and the last electrodes 
were rendered inactive so th a t the effects of their non-uniform  fields would be avoided. 
T he ionisation charges produced by M IPs travelling inside the crysta l were transversely 
collected by the strips, oriented orthogonally to the beam  direction, along the lines of 
the electric field, which then reproduced the longitudinal developm ent of the event. Due 
to  the  electronic fluctuation of strips as a function of tim e the ADC pulse height of each 
one was calib rated  and converted into m  num ber of M IPs. This conversion was can ied
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by a linear fit of the form
Ph,fi = Ph() +  m  • [P h 2  — Phç)) . (2 .1)
Using the m easured pulse heights P hg and Pho,  corresponding to  2 M IPs and 0 M IPs 
(the pedestal ADC), the unknown num ber m  (2 ,4 ,6 , 8) of M IPs, equivalent to the pulse 
height Phfn  (>  P hg), could be found. The actual num ber of charged particles, for a given 
num ber of M IPs traversing the strips of the target, was determ ined by the param eters of 
the pulse height d istribu tions fitted w ith the Landau-Vavilov [61-63] equation . In order 
to  check the perform ance of the Ge detector for coherent charm  photoproduction  and 
decay the following requirem ents had to  be satisfied:
(a) low noise. In Fig. 2.6  the pulse height spectrum  is shown of one strip  of the 98-strip 
detecto r obtained w ith a 150 GeV pion beam . The peak corresponds to  an energy 
release of 1 MIP, which is equivalent to  28 KeV, 56 KeV in the 48-strip  detector, 
and the d istribu tion  seems to be well separated  from the noise. The noise had a 
w idth  of ~  6 KeV, i .e.  a factor four sm aller than  th a t of the signal.
(b) good separation  between the pulse height spectra  of the m ultiplicities present in the 
event. By allowing beam  electrons to  shower in the crysta l and triggering on the 
num ber of outgoing charged particles the response of the detector w .r.t. various 
m ultiplicities, of bo th  odd and even, for a single strip , was m easured. Figures 
2 .7 .ab show the pulse height spectra for odd and even m ultiplicities of M IPs in one 
s tr ip  of the germ anium  detector w ith 100 /zm pitch. The FW H M  of the m easured 
d istribu tions plo tted  as a function of the num ber of charged particles, Fig. 2 .8 , 
provides a com parison w ith the original N A l d a ta  im pressing the b e tte r  resolution 
achieved by the use of Ge crystal.
(c) a sharp  step-like m ultiplicity  growth in the event display. Fig. 2.5, indicating  a 
sm all charge diffusion effect inside the detector. The sharpness of the pulse height
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varia tion  suggests th a t no appreciable correlation sm ears the resolution of individual 
electrodes.
T he telescopic silicon detector[64] was positioned ~  1.3 mm away from the last live 
strip  of the Ge crystal. Each of the 15 layers was 200 /zm thick, Fig. 2 .4 , and had a 
sensitive area of 20 x 20 mm^ divided into 4 separated sections of 5 x 20 mm^ in order 
to  reduce the capacitance and to provide a X - Y hodoscope s tructu re . The first 8 
layers were 200 /zm ap art from one another while the rem aining 7 were 400 /zm apart. 
T he resulting  pulse height distributions for various m ultiplicities in a single strip  were 
found to  be well separated. Fig. 2.9. As in the case of the Ge detector the FW H M  of 
these d istribu tions, as a function of m ultiplicity, can be seen in Fig. 2 .8 . The com bined 
geom etries of both the germ anium  and the silicon detectors provided a useful ta rge t 
length of 1.3 cm corresponding to 0.24 rad ia tion  length, ~  86% of which was concentrated 
in the germ anium , thus ensuring th a t practically all the production  took place near the 
beginning of the target.
A M onte-C arlo program , taking into account the energy dependence of the production  
cross-section and of the brem sstrahlung beam , evaluated the expected efficiency, w ith 
different ta rg e t configurations, for detecting decays of particles as a function of the ir life 
tim es. Fig. 2 .10 .
2 .e V e r te x  D e te c to r
T he vertex detector comprised four planes of drift cham bers (section 2 .g) called Ginny 
and placed between two com pact sets of four cylindrical m ulti-w ire proportional cham- 
bers(M W P C s), Fig. 2.11. Also indicated in the d iagram  are the dim ensions and dis­
tances, from the target, of the chambers. The effective radius of the drift cham bers 
w ith in  which chaiged tracks were identified was ±  10cm. This corresponds, a t a distance 
of 30 cm from  the target, to  a m axim um  track angle of ±  0.32 rad ians. Such wide angle
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tracks are hereafter referred to as Ginny-wide tracks.
The p rim ary  purpose of the M W PC system, w ith X and Y oriented planes, was to 
fac ilita te  a fast determ ination of charged particle m ultiplicity  in special trigger configu- 
ra tions(chap te r 3) a t large angles, hence its inclusion in the trigger m echanism .
T he cham ber rad ii of 30, 60, 90 and 120 mm[65j were chosen to  be m ultiples of the 
sm allest one in order to make easier the task of fast p a tte rn  recognition. Each cham ber, 
coaxial w ith the beam  line and particularly  designed to be of a very low mass so as to 
m inim ise m ultiple scattering, w ith a wire spacing of 2 mm, was arranged concentrically 
around the ta rge t covering a polar angle between 5° and 130°.
Using a beam  of tt or /z w ith an energy in the range 5 - 1 0  GeV an M W PC  was tested 
resulting  in an average efficiency of 98.5% for the cham ber system , in which individual 
cham bers behaved similarly.
T he average size of the clusters(a cluster refers to a group of adjoining wires being fired) 
for quasi-norm al tracks(/5 <  6 °, where /? is the angle w .r.t. the norm al) was very sm all 
b u t increased w ith i .e.  the track m ultiplicity  and hence the size of the cluster becam e 
larger close to  the beam  line. The angle is alternatively referred to  as DMAX, which is 
effectively the greater of the X and Y coordinates of an event tracks, w .r.t. the norm al, 
m easured by M W PC  2 ~  75 cm away from the target.
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2 .f T h e  S h o w er D e te c to rs
111 Older to  m easure the angle and the energy of, and to distinguish between, hadronic 
and electrom agnetic showers a system of 5 shower detectors(SDs) of fine granularity  were 
used. These, in order of their positions down-stream  of the spectrom eter were: FS(the 
Front Shower detector), S D l, SD2 , SD4 and SD5 , Fig. 2 .12.abc.
The first two detectors were sandwiches of lead-scintillators consisting of finger ho- 
doscopes oriented in the X(0 °), Y(90°), W (45°), X, Y directions. The last three de­
tecto rs were m atrices of lead-glass counters of the type SF5 w ith a rad ia tion  length(X o), 
density  and nuclear interaction length of 2.46 cm, 3.9 gr/cm ° and 32.3 cm respectively 
which covered a forward cone of ±  20 m rad while the form er set of detectors, FS and 
S D l, covered a larger forward cone of ± 0 .5 2 rad in both  X and Y planes. The m axim um  
angu lar acceptance of the spectrom eter, from the target, was defined, by the inside w idth 
of the  FS apertu re , to  be 86 m rad. Fig. 2 .11 .
L ongitud inally  each of the five detectors was divided into two sections. Fig. 2 .12 .d, of 
which the first is referred to  as the front lead-glass(FLG) and the second one as the back. 
T his dissection, into the FLG and the back, of the detectors was used, in the off-line 
analysis, to  d iscrim inate between hadrons and electrons. The characteristics of the pho­
ton  detec to rs are presented in Table 2 .2 , where the last two columns give the depths of 
the FLG and  the back parts. Together w ith the hodoscope T  counters this configuration 
was utilised in the trigger. The T  counters were scintillation strips situated  before SD 2 
and  SD 4 . Each one corresponded, geometrically, to the FLG block following it.
SD 5 was prim arily  designed to  detect photons which did not in teract in the ta rge t, hence 
its  inclusion as a veto in the trigger with a 5 GeV threshold. Also in the trigger was the 
FS which served as a sam pling detector and did not take p art in event reconstruction . 
In the case of S D l, since it was h it on average, by a few charged particles and as m any 
pho tons per event, a plane of stream er cham bers was installed after the first set of X,Y 
planes, 5.6  rad ia tion  lengths, in order to improve the event reconstruction efficiency. The
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pad read-ou t of these cham bers was used to simplify the identification of photon im pact 
points, giving absolute X and Y positions of showers.
The pad dim ensions ranged between 3.2 x 3.2 cm^, the same as those of the hodoscope 
fingers, around the central hole and 12.8 X 12.8 cm^ on the boundary  of the detector 
for a to ta l of ~  300 pads. The stream er cham bers had 3 alum inium  walls, each 1.5 cm 
long, in order to  enable them  to operate at high rates. Since, a t the central plane, the 
ra tes  of the m inim um  ionising particles were very high this region was blinded in order 
to  prevent the sa tu ra tion  of the chambers.
Each of the lead-glass arrays was enclosed in a light-tight box, which could be moved 
in the  X-Y plane placing each counter in the test beam line for calibration purposes. 
The test beam  used was of electrons of fixed energies of 25 GeV and 100 GeV for SD2 
and SD4 respectively. The choice of different beam  energies was due to the increase in 
the average photon energy deposited in each detector as the distance from the ta rge t 
increased.
Between successive calibrations a system of optical glass fibres coupled w ith an Ar- 
lam p(6 6 ) or a set of LEDs provided a continuous check of the gain of the electronics 
and of the photom ultip liers(PM s), which viewed the lead-glass blocks. The varia tion  of 
the PM  gain during each burst was w ithin 2% in the case of the detectors being out 
of the horizontal plane, where the counting ra te  was low, or when the photons h itting  
the detectors had low energies. This variation became significant when large num bers of 
high energy photons or electrons h it the detectors in the horizontal plane. A ppropriate 
corrections were m ade by equalising the blocks for relative gain.
T he energy of a shower in the lead-glases was measured by sum m ing the pulse heights of 
the  nonets of blocks, w ith the central block containing the m axim um  pulse height, and 
the ir corresponding FLG. In the case of charged tracks the whole energy deposited in the 
FLG and the back of an SD is m atched w ith the m om entum  of the incoming particle. 
T his was p a rt of the mechanism of distinguishing between hadronic and electrom agnetic
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showers. The to ta l energy, E, of the shower is given as the weighted sum of E i and E2 
such th a t
E =  a • El +  • E2 (2.2)
where E i and E2 are energies deposited in the FLG and the back respectively, a  and /3 
are weight coefficients and E has to equal the incident energy. This constra in t, along 
w ith  m inim isation  of the energy resolution, led to the values of a  and )0[67], which were 
tim e-dependent. However they are essentially independent of the im pact position and 
the incom ing energy. Of course the Ex and E2 values were initially given by the ADC[68 j 
pulse heights from the front and the back of the SDs which were converted using the 
ca lib ra tion  d a ta .
R epeated  tests w ith different e~ beam energies resulted in an energy resolution behaviour 
of the form
6 E 
¥  “
for the lead-scin tillator detectors and
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VË\
% FW HM  (2.3)
E
% FW HM  (2.4)
for the lead-glas detectors(69|. E is measured in GeV.
It should  be noted th a t this resolution was only obtained in the calib ration  runs and was 
no t achieved during the data-tak ing(next chapter).
T he task  of determ ining the coordinates of the im pact point on the detectors involved the 
use of the function describing the lateral development of the electrom agnetic shower[70]. 
The results show a linearity between the m easured and the real e“ -coordinates as well as 
an average spa tia l resolution, for the im pact points, in various positions, of cr =  2 mm. 
Figure 2.13 represents the variation between the m easured and the real e“  positions.
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W lien the im pact point was moved away from the centre of a counter tow ard its border 
the leso lu tion  rem ained as good, while in the case of the edge counters in the im m ediate 
vicin ity  of the hole the resolution deteriorated up to a  =  4 mm. This effect constitu ted  
a sm all fraction  of the full surface.
2 .g T h e  M a g n e t ic  S p e c t ro m e te r
T he m agnetic field was provided by three m agnets, situated  on the beam  axis and de­
flected charge particles in the X-plane, w ith the characteristics presented in Table 2 .3 . 
T he m agnets deflected all the charged particles, produced w ithin a cone of ± 9 0  m rad 
w ith m om enta greater than  0.5 G eV /c, into successive stacks of d rift cham bers in such 
a m anner th a t the particles of increasing m om enta traversed more of the m agnetic field, 
and hence more d rift chambers. This criterion allowed an essentially uniform  m om entum  
resolution of 0.5% <  ^  <  1.5% for particle m om enta ranging between 2 and 200 G eV /c , 
as well as the use of sm all chambers along the spectrom eter.
T here were 10 d rift cham bers in stack 2 , 8 in stack 3 and 6 in stack 4. The d rift cham ­
bers in the  vertex area had standard  dimensions of 60 X 60 cm^ w ith a sensitive area of 
38.4 X 57.6 cm^. The cham bers in the forward part had dim ensions 60 x  40 cm^, and 
those in the second stack, situated  between m agnets 1 and 2 , were 120 x  80 cm^. As 
determ ined  in a series of tests using a set of three drift cham bers[71-73], they allowed 
the m easurem ent of the coordinate orthogonal to  the sense wires w ith an intrinsic reso­
lu tion  of a  =  1.2 mm. Taking into consideration the possible errors in assembling and 
positioning the cham bers and assuming equal resolution for all of them  the resolution, 
averaged over all the cham bers of the final set-up, was m easured, using a 10 G eV /c  tt 
beam , to  be cr =  0.2 mm. This corresponds to a polar angle of cr@ =  0.2 m rad w ith a 
d istance, between two stacks, of 100 cm. It was the use of this angular resolution th a t 
led to  the above m om entum  resolution range from the following relationships
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p  «  0.299 ■ q ■ B • L ■ i  (2.5)
and
S? se
p" “ y  (2 G)
wliere q is the electron charge and 6 is the pitch angle.
In order to  reduce the com puter tim e and the pattern  recognition problem s the first and 
the  second stack cham bers were blinded in the central region rendering them  insensitive 
to  the particles travelling further into the spectrom eter.
The am biguity  (left-right) in the h it position, as m easured by the sense wires, was over­
com e by including a series of delay lines, of 6 ns/cm , in each X,Y pair of cham bers. The 
delay lines, which were parallel to the sense wires and had a d rift space of 24 mm, also 
m easured, sim ultaneously, both X and Y coordinates(hits). The distance between each 
delay line and its adjacent sense wire was 1 mm. A lthough a track could be reconstructed 
when a delay line signal was read a t only one end, nevertheless for the sake of greater 
precision each signal was read a t both  ends. The tim ing resolution of the delay lines 
read ou t, averaged over all the wires of a cham ber, was 5.3 ns corresponding to a spa tia l 
resolution of ±  2.5 mm.
T he efficiency of the cham bers, averaged over all of them , was >  98% w ith the exception 
of the  region w ith in  1 cm of the edge of the frame. In the case of high m ultiplicity  events 
the above efficiency was reduced as a result of the dead tim e of the read-out system .
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2.h  T h e  C h e ren k o v  C o u n te rs
The task of distinguishing pions and kaons was perform ed by two m ulticell Cherenkov 
counters ( C l , Cg) situated  inside the first two m agnets. The characteristics of these coun- 
ters[74| are presented in Table 2 .4 .
In the case of no in teraction  in the target the beam  would pass through a dead central 
region, Fig. 2.14. In an a ttem p t to ob tain  good efficiencies the following cosiderations 
[75] had to be made;
•  very accurate optics in order to minimise light losses,
•  very little  m ateria l in the path  of the beam  and of the produced particles,
• capab ility  of operating  a t norm al pressure to  m inim ise the window thickness,
•  capab ility  of operating  in a fairly high m agnetic field of up to  1 KG in the location 
of the photom ultip liers.
A pion test beam , of m om entum  up to 10 G eV /c, was used at different incident angles 
to  m easure efficiencies which, averaged over the cells of each counter, were 99.88% and 
99.95% for C i and C 2 respectively. The corresponding m om entum  ranges for such effi­
ciencies are 4.87 - 17.2 G eV /c and 5.97 - 21.1 G eV /c. A m axim um  efficiency loss of 0 .2% 
was observed when the beam  was running close to  the la tera l edge of the cells.
It should be noted th a t the Cherenkov inform ation was not utilised in the course of this 
analysis.
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Chapter Three
Data Processing
D uring tlie whole of d a ta  taking, 1983 and 1984 periods, approxim ately  6.59 10° raw
events passed the hard-w are trigger and were w ritten  on tape. Of these 1.53 10° events
were used for analysis and the rest for calib ration  purposes. The raw events were in 
the form of ADC pulse height, from various parts  of the appara tu s, and included some 
electrom agnetic events. In order to reduce this large sam ple to  a more m anageable level 
by excluding as m any unw anted events as possible, w ithou t losing too m any in teresting  
ones, the d a ta  sam ple underw ent a series of sim ple trigger soft-ware cuts. To prepare 
the d a ta  for th is they had to  be partially  calib rated , using the results of a num ber of 
ca lib ra tion  runs as well as the inform ation on the geom etry of the appara tu s. A fter the 
application  of the soft-ware trigger the d a ta  went th rough the full ca lib ra tion  process. 
T he resulting  events, stored on tapes(D ST s), availed such inform ation as m ay be required 
in the physics analysis.
3 .a  D a t a  A c q u is i t io n
The d a ta  acquisition involved the storage, on m agnetic tapes, of signals produced by 
various detectors in the apparatus. Figure 3.1 presents the m ain trigger logic configura­
tion . T he task  of storing the d a ta  was carried ou t after the signals, from  the detectors, 
were am plified and converted into d ig ital signals. In perform ing these functions the elec­
tronic system  incorporated  such devices as ADCs, which convert analog signals to  d ig ital, 
scalers, which record the rates of signals, and TD Cs, which are tim e to  drift converters. 
A system  of CAM AC crates[76,77] was utilised to  control and m onito r the electronics
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and flow of digitised signal to the P D F  11 /34A com puters[78], of which there were two. 
T he first one was used to  m onitor the perform ance of various p a rts  of the ap p ara tu s , 
while the second com puter, FPD A , received d a ta  from the CAM AC system  v ia the final 
trigger control(D A Q M O D E), which signalled the s ta r t and end of a burst or an event. 
DA QM O D E consisted of the FINAL second level trigger(below ) and D A Q TR IG . The 
la tte r  constitu ted  a signal from only one of TA GG IN G  (below), M UON, PU LSE and 
LAMP.
The MUON trigger was th a t of a muon beam , from the decay of t t  s , which was used as 
p a rt of the shower detector calibration .
PU LSE was a program m able trigger using an artificially generated fast pulsed signal, 
w ith injected charge, to  test various trigger elements[79].
LAM P provided calib ration  pulses[80] to m onitor photom ultip liers’ gain variation.
3 .b  T r ig g e r  H a r d w a r e
The trigger used in N A l experim ent was aim ed at accepting hadronic events and elim i­
nating , as far as possible, the electrom agnetic ones. Basically it consisted of two levels, 
first of which, the STR O B E, indicated the occurrence of an in teraction  in the appara tu s. 
T he second level, FINAL, gave a signal as to w hether the in teraction  was of acceptable 
type.
T he S T R O B E  inform ation was d istribu ted  to  the d a ta  acquisition electronics, such as 
the ADCs, logic gates etc., signalling the s ta r t  tim e for sam pling the inform ation from 
various detectors. This, once the S TR O B E trigger criteria  were satisfied, resulted in 
se tting  the second level trigger into operation . An event passing bo th  levels criteria  was 
w ritten  to  tape as it had a good probability  of not being electrom agnetic. Each STR O B E  
ind icated  a yield of ~  32 interesting events. An SPS burst lasted ~  2 s, and the tim e 
taken to  read the electronics was ~  1 ms. This, w ith  10° triggers per burst, in troduced
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a dead tim e of 1 s or 50% .
S .b . l  F i r s t  L ev e l T r ig g e r
In 1983 only charged STR O B E, indicating th a t a photon had entered the ta rg e t and 
charge had left, was available while in 1984 a neu tra l trigger was included which registered 
the neu tra l particles com ing ou t of the ta rge t. In the case of the form er the to ta l trigger 
ra te  could be calculated using the rad ia tion  length of the ta rge t.
The charge STR O B E  was, then, defined as
C harge S TR O B E '=  BOO * TAGG * TOO * B l (3.1)
where BOO, B l(see Fig. 2 .2 ) and TAGGing(see Fig. 2.3) counters define a photon, and 
an indication  of charge coming out of the ta rge t was given by TCO(see Fig. 2 .2 ). The 
constituen t elem ents of the STR O B E trigger, w ith their typical ra tes during d a ta  taking, 
are presented in Table 3.1.
BO O  a sc in tillation  counter which signalled the arrival of the electrons a t the rad ia to r.
P O S   was a sc in tilla to r counter vetoing any positrons from e"*'e~ pairs, which may
have been produced in the rad ia to r by the electron beam .
T A G G  th is trigger was defined by
d c f
TAGG =  POS * TTi
where i =  1, 4 and TTi was one of four trigger counters, behind the tagging calorim eter, 
ind icating  the deposition of energy by an e~ w ithin the required range.
B l  was a scin tillation  counter placed, before the ta rge t, in anticoincidence w ith TCO.
T his ind icated  th a t a photon passed through the calorim eter and in teracted  in the ta rge t 
w ith the resulting  charged particles detected by TCO.
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TC O  -----  a sm all disc scin tillation  counter, s itua ted  after the ta rg e t, gave an ind ication
of the m ultip lic ity  of the charged particles out of the ta rge t.
P A R a ly s e d  S T R O B E  this was produced by a strobe in conjunction w ith the
readiness of the d a ta  acquisition to deal w ith another event. This prevented the counting 
of the incom ing photons while an event was being processed. Effectively it set a window 
lim it for the passage of photons. The com bination of charged and neutral(1984) PAR. 
S T R O B E  gave GLOBAL STR O BE.
3 .b .2  S e c o n d  L ev e l T r ig g e r  (F IN A L )
This, FINAL, trigger was designed to exclude the electrom agnetic events, which occur a t 
an overwhelm ing ra te  com pared to the hadronic ones(a ra tio  of ~  10° to  1). The FINAL 
trigger, whose com ponents, w ith their typical rates, are shown in Table 3.2, was defined
FINAL '=  TCO * SA * DMAX * FA * HADRON * P H O T O N  * SD5 (3.2)
where
S u r r .  A n t i  ( S A )  was the trigger consisting of two scin tillation  counters closely Sur­
rounding  the ta rge t in Anti-coincidence. These counters, in conjunction w ith  FA(below), 
vetoed inelastic events in which the photon in teracted  in the ta rg e t and caused the nucleus 
to break-up(incoheren t), resulting in the production  of w ide-angle particles. Therefore 
the events satisfying this trigger, in addition  to others, had a high p robability  of being 
coherent and produced in the forward direction.
T C O  giving the charged m ultiplicity  out of the ta i get which was required to  be >  2
for norm al running  condition.
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D M A X  —— was the trigger utilising the M W P C 2 signal(section 2.e) and the feature of 
the electrom agnetic interaction  th a t the opening angles of photoproducd  e'*'e~ pairs are 
very sm all. This is in contrast to larger(typically  > 4 m rad) opening angles of hadronic 
tracks. The DMAX value set for the norm al trigger was 4 m m , corresponding to  .5.3 
m rad, indicating the m inim um  angle, w .r.t. norm al, th a t a track could have. A lim ited 
num ber of runs w ith 8 m m (l0 .7  m rad) and 30 m m (40.0 m rad) DM AX values were used 
to  com pare the quality  of the data .
F r o n t  A n t i  (FA)  was the Front Shower detector, FS, not used in event reconstruc­
tion . However it vetoed large angle tracks(>  ±  0.52 rad), from the nuclear break-up of 
the ta rg e t, entering its front part. Hence, together w ith Surr. A nti, it allowed events in 
which tracks were produced in the forward direction.
H a d r o n s  a n d  P h o to n s  in  S D s  H adrons, electrons and photons were defined, by
m eans of the T  counter hodoscopes, the FLG (in SD2 and SD4) and the SDs, as
HADRON T  * SD (3.3)
dcf
ELEC TR O N  =  T  * FLG * SD (3.4)
GAMMA '= FLG * SD . (3.5)
These definitions were based upon the behaviour of hadronic and electrom agnetic show­
ers. H adrons had a higher probability  of showering in the back of the SDs in con trast 
to  the electrom agnetic showers, which were more likely to  be generated in the FLG. 
T his fea ture of course depends upon the shower energy. The com m on factor am ong the 
definitions 3 .3- 3.5 is the presence of SD which indicates th a t bo th  electrom agnetic and 
hadronic showers were expected to produce a signal in the back of the SD. In the case of
SD4 the relation 3.3  was applicable all over its surface while in those of S D l and SD 2 it
applied to  the regions below and above the central horizontal plane, which corresponded 
to  ± 6.4  cm in S D l and ± 3 .5  cm in SD 2 . These regions are hereafter refered to  as the
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Up-Down(U - D) regions. This criterion was set as a resu lt of the large background e‘*'e 
pairs in the horizontal plane, leading to the more selective definition, for the hadron , of
HADRON '=  T  * SD * FLG . (3.6)
T he photon definition of 3.5 could have been fu rther restric ted  to  be of the form
GAM M A '=  f  * FLG * SD ,
which rejected electrom agnetic events as well as those containing a neu tra l pion and 
resem bling electrom agnetic ones. This is in contrast to the preferred definition(Exp. 
3.5) allowing bo th  types of events. The preference was due to  the finite probability  of an 
e lec tron(E xpression. 3.4), belonging to a photon entering the FLG, being back scattered  
giving a signal in the T  counter and m aking it look like an electrom agnetic event and 
hence vetoed. As a result of th is the photon trigger norm ally did not include any T 
counter signal.
S D 5  also in the veto trigger was the SD5 shower detector (section 2 .f). It helped reject
electrom agnetic events and was in anti-coincidence w ith neu tra l particles in the beam  
line, including m ultiple photons. An electrom agnetic shower generation(EG S) m onte- 
C arlojSl] sim ulation estim ated  the probability  of double brem sstrah lung  occurring to  
be ~  15%. The SD 5 energy threshould above which the event was vetoed is 5 GeV as 
suggested by the M onte-Carlo.
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3.C T rig g e r  S o f tw a re
In order to identify and reject the electrom agnetic events a set of criteria  were applied, 
off-line, to  the raw d a ta  on tapes. This soft trigger was based, to tally , upon the behaviour 
of the T  counters and SDs. The soft trigger criteria  were arrived a t by analysing sam ples 
of 300 to 500 raw events, for each period of d a ta  taking, in conjunction w ith  the results 
of the calib ration  runs. Presented in Fig. 3.2 is the d a ta  flow ind icating  the soft trigger 
criteria . The analysis included dum ping of S D l and SD 2 ADCs and was checked by 
eye-scanning the events after they were fully reconstructed . The events analysed were 
divided in to  two m utually  exclusive classes, of 1 and 4, and designated  codes based on 
the ir types, Fig. 3.2. Class 4 events are those which a t least contained signals from  a T 
counter hodoscope, an FLG and an SD. Class 1 contained events not satisfying the class 
4 criteria . The rejected events were coded as 20 , 22 , 23 and 24 where
20 indicates events in which no energy was deposited in the U-D region out of the 
cen tral plane,
22 indicates events in which the energy deposition in the U-D area was believed to  be 
due to  “leakage” from the central horizontal plane,
23 represents events in which the energy was deposited in only one counter(single-cell) 
of the U-D region of SD 2 in conjunction w ith the absence of any photons in S D l. 
T his criterion  was m eant to exclude spurious events classified, by eye-scanning, as 
electrom agnetic. In such events the photon firing a single cell could have been 
rad ia ted  off an electron. For this reason these events were rejected.
24 indicates class 4 events which were believed to  have “leakage” .
The codes for the accepted events are described in the d iagram  of Fig. 3.2.
T he results of the analysis of several sam ples of the 1984 d a ta  ind icated  th a t
• the event acceptance ranged between 27% and 32% ,
•  between 32% and 46% of the accepted events were believed to  be hadronic,
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•  in the case of class 4 events, m ost of which were in itially  believed to  be hadronic, 
only 68% to 77% of them  were confirmed, by eye-scanning, as such,
•  of the to ta l rejected events(68 % - 73% ) between 5% to 15% were hadronic.
T his led to  a m axim um  to ta l hadronic-event loss, due to  the trigger soft-ware, of 11%,
i .e.  a trigger soft-ware efficiency of 89% .
3 .d  S p e c t r o m e te r  P e r f o r m a n c e
During d a ta  taking m ost parts  of the ap p a ra tu s  perform ed w ith  the expected efficien- 
cies(chapter 2 ). Any deviation  from those are discussed here.
The tagging calorim eter perform ed w ith the calib rated  resolution and its efficiency, du r­
ing d a ta  tak ing , in detecting  single-electron signals was ~  94.7%, while in the rem aining 
5.3% of events there was either no electron detected or there were two of them , the second 
one possibly com ing from pair production in the rad ia to r. The EGS program  predicted 
th a t the pair production in the rad ia to r was caused by ~  2% of the electrons th a t entered 
it.
An off-line study  of the m icro-D ST events was conducted to determ ine the Cherenkov 
counters’ efficiency in distinguishing kaons from pions. It resulted  in an efficiency of 
~  85% for bo th  Cherenkov counters w ithin their dynam ic m om entum  ranges(section
2 .h).
One p a rt of the spectrom eter whose perform ance was of great im portance to  th is work is 
the shower detector system , whose behaviour is tim e-dependent. T his dependence was 
m anifested as the difference in the coefficients a  and ^(see section 2 .f) when the SDs 
were ca lib ra ted  a t the beginning of each period. The lead-glass detec to rs’ resolution, 
from  the calib ration  runs, was, on average, 7.7% FW H M  at 25 GeV, while a t best it was 
th a t ob ta ined  under test beam  conditions. The S D l resolution was expected to  be up to 
twice th a t of the lead-glass detectors(section 2.f). Of course these resolutions are energy
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dependent and as the incident energy increased the resulting  resolution im proved.
The SD5 efficiency (in the hard  trigger) in rejecting unw anted events was determ ined by 
off-line analysis and checked by eye-scanning a few sam ples of d a ta . Events were ca te­
gorised into hadronic, electrom agnetic and am biguous(as to w hether they were hadronic 
or electrom agnetic). The SD5 efficiency, based upon the possible num ber of hadronic 
events lost, was determ ined to  be
76.0% when the am biguous events were taken to be electrom agnetic,
51.6% when the am biguous events were taken to be hadronic.
S .e . l  N e u t r a l  P a r t ic le s
N eutral particles such as pions, etas and kaons were identified by basically detecting  the 
showers generated, in SDs, by their decay products. These showers gave an indication  of 
the energy and the position of the decay products, which were, then, used to  reconstruct 
the incom ing neu tra l particle.
P h o to n s  -----  these were associated w ith the showers, produced in the SDs, of which
there were three types. A shower was
•  m atched if it had a corresponding charged track (identified by a d rift cham ber),
• unm atched  if it did not have a corresponding charged track and belonged to  a neu tra l 
particle , or
• isolated if it did not have a corresponding charged track and did no t belong to  any 
neu tra l particles.
A part from  the charged particles, photon was the only particle w ith  a long range which 
could be detected  directly. The positions and 4-m om enta of photons were m easured by 
reconstructing  their showers in the SDs. In the case of pair producing photons the  best 
e‘*’e“ com bination was used to  form a photon invariant mass w ith an upper lim it of 70
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M eV /c^. Of such photons, in an event, the one w ith the sm allest mass was selected. 
P hotons thus identified were divided into three categories as follows:
( 1) those reconstructed  w ith e‘^ e“ pairs a t sm all angles(<  5 m rad ). These are referred 
to  as beam  photons since they were believed to  be due to  the brem sstrah lung  of the 
beam  electrons(also produced w ithin ±  5 m rad  of the beam ).
(2) those form ed by e ^ e "  pairs a t large angles(>  5 m rad).
(3) those reconstructed  w ith a e+ e" pair a t a large angle(>  5 m rad) form ing a tt'*, which 
consisted of a single photon of invariant mass between 90 M eV /c^ and 180 M eV /c^.
N e u t r a l  P i o n s  these are of in terest to  the analysis of o;^(7r‘^ 7r“ tt” ) production . The
neu tra l pion m ainly decays into two photons[82|. Therefore the detection  of two photons, 
com ing from the direction of the ta rge t, could be an indication of a neu tra l pion, decaying 
up>-8tream  of the SDs, w ith  its invariant mass given by
M.y.y =  \ /  E i  E 2  6 1 2  (3.7)
where Ei  and E 2  are the energies of the two photons and 6 1 2  is the angle between them . 
Figure 3.3 shows the invariant mass plot of tw o-photon com binations w ith  a FW H M  =  60 
M eV /c^ corresponding to cr =  25 M eV /c^.
O ther neu tra l particles, such as the r?", were distinguished from neu tra l pions by se tting  a 
lower lim it, on the ir invariant masses, of 300 M eV /c^. Also detected in the spectrom eter 
was the which weakly decays prim arily  into Tr"*" n ~ .
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3 .e .2  C h a r g e d  P a r t i c l e  I d e n t i f ic a t io n
In order to  reconstruct a charged particle sparks or hits, resulting  from  ionisation w ithin 
the drift cham bers, were used. These gave an indication  of the coordinates of the charged 
particle as it traversed across drift cham bers in various stacks(section 2 .g). Due to  the 
d istances between hits, in a stack, being sm all they were fitted to  s tra ig h t lines(re ttas), 
whose Y -coordinates pointed to  the direction of the ta rge t since the m agnetic field de­
flected charged particles in the X -plane only. The m inim um  num ber of h its required to 
form a re tta  was 4 in stack two, and 3 in o ther stacks. This difference was due to stack 
two having more d rift cham bers than  the o ther stacks. Obviously m ore cham bers, hence 
sparks, would result in a b e tte r  fit for each re tta . To m inim ise re tta  losses different 
com binations of sparks were used. Various com binations of re ttas , across all stacks, were 
fitted, resulting  in a and the param eters of the track[83] for each com bination . In this 
way tracks were formed w ith the constra in t th a t they should po in t to  the  ta rge t. The 
value of the indicated the quality  w ith which the re tta s  were m atched to reconstruct 
tracks. A fter establishing the path  of a track a selected pair of re ttas , from  adjoining 
stacks, were utilised to determ ine the m om entum  of the track and its resolution (section 
2 -g).
In general charged tracks such as pions, electrons and kaons were identified, in the 
FRA M M  spectrom eter, by various m ethods, including the use of shower detec to r and 
Cherenkov counter signals. B ut for the purpose of this work only the identification of 
pions and electrons were of prime im portance.
E l e c t r o n s  these m ainly resulted from the pair p roduction  of low energy photons and
constitu ted  m ost of the electrom agnetic background. They were identified by the shower 
detectors although  a lim ited use of the Cherenkov counters could be m ade in achieving 
this.
C h a r g e d  P i o n s  pai ticles not positively identified as electron were flagged as pions.
T his would introduce a negligible kaon contam ination  (see la ter). T he p rim ary  m eans of
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d iscrim inating  between pions and electrons was provided by the shower detectors.
C h a r g e d  K a o n s  these were not directly  dealt w ith in the course of this work. How­
ever they could be positively identified only if their m om enta were w ith in  the dynam ic 
ranges of the Cherenkov counters.
3 . f  F i n a l  D S T  E v e n t s
A fter satisfying the trigger soft-ware conditions and the reconstruction  the raw events 
fu rther underw ent the following set of selection criteria;
•  N um ber of tagging calorim eter cluster =  1
• T otal num ber of charged tracks detected >  2
• T otal spectrom eter energy >  35 GeV
• R atio  of the to ta l reconstructed  energy in the spectrom eter, Espec, to  th a t of tagging 
photon energy, E tagg, m ust be 0.2 <  Esp^c/Efagg <  1 5 .
These crite ria  were designed to  reject events w ith a single charged track detected , or 
those in which the tagging calorim eter detected  more th an  one cluster ind icating  more 
than  one tagged electron. The in itia l presence of such events was due either to  the 
inefficiency of the trigger system  or bad reconstruction . The ra te  of hadronic events lost 
as the  resu lt of the la tte r  could not be accurately m easured.
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Chapter Four
Event Selection & Analysis
For the purposes of ta rge t analysis and production  ra tio  calculation  a clean (back­
ground free) sam ple of events for each resonance, in each beam  energy range, was pro­
duced. The first step in doing so was to identify and reject electrom agnetic(e-m ) events 
contain ing electrons and positrons. The v ita l task of distinguishing between electrons 
and hadrons was perform ed by the use of shower detector inform ation rela ting  to  the 
n a tu re  of showers produced. The bulk of non-hadronic events were rejected in th is way 
and the rem aining events, containing the required resonance, were fu rther investigated 
in order to  determ ine the effects of their a ttribu tes(such  as the num ber of tracks, etc.). 
D epending on the contribu tion  of an a ttr ib u te  to  the background and the signal(a  gen­
uine resonance event) lim its were set on its value. W ith  the appropria te  values of the 
a t tr ib u te s  thus determ ined and in conjunction w ith the criteria, deduced from  M onte- 
Carlo program s, a final sam ple of clean events, out of all those on the D STs, could be 
selected. This procedure was applied to  the p and the w sam ples in the 200 and 225 GeV 
energy ranges.
The samples obtained in this way were then fitted with the appropriate production res­
onance distributions. Also calculated, in the fitting process, is the number of events 
contributing to the fit.
T he M onte-C arlo program s were w ritten  to  sim ulate the passage of charged particles 
th rough  the spectrom eter calculating its geom etrical acceptance. The sim ulations gave 
an insight in to  the expected behaviours of the p and w and provided a source of com par­
ison w ith  d a ta .
F inally  the selected sam ple was used in the ta rge t analysis, which included the in­
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vestigation  of the A-dependence of the cross-section. Since the sam ple in the d a ta  is 
ra th e r  sm all it was only used to provide a m easure of the p and w production  ra tio  and 
was not utilised in the ta rge t analysis.
4 . a  H a d r o n i c  E v e n t  S e l e c t i o n
The distinction  between electrons and hadrons, using SDs, was m ade by the difference 
in the ir shower profiles, which are, respectively, defined by the rad ia tion  and the nuclear 
in teraction  lengths of the SDs' m aterials. This difference is accen tuated  in m ateria ls 
having large ratios of the in teraction  length to  the rad ia tion  length given by
This expression indicates the su itab ility  of heavy m aterials for e lec tron /had ron  discrim- 
ination[84). For the lead-glass shower detectors the above ra tio  is ~  13.1, (section 2.f). 
In the case of a charged hadron showering, the expected energy deposit w ith in  the de­
tec to r was less than  the charged-track energy, Etrnck- D epending on how energetic they 
were hadronic showers were expected to deposit sm all fractions, if any, of the ir energies 
in the FLGs. In con trast to  such showers were the electrom agnetic ones, which were 
created  by electrons and photons. They were expected to  shower alm ost entirely  w ith in  
the SDs. Consequently hadron-electron d istinction  may be achieved by com paring the 
ra tio s E f,ont/E totai and E totai/E trark, where Efrom and Etotai are the shower energies 
deposited in the FLG and the whole(FLG +  back) of the shower detector respectively, 
and Et rack is the energy of the charged track, which was m a tched w ith the shower in the 
SD. T his technique was utilised elsewhere(85] and shown to be of value for e“ -hadron 
d iscrim ination . For electrons the value of the form er ra tio  should be >  0 bu t less than  1, 
typically  in the range 0.1 - 0.3. The la tte r  ra tio  is expected to  equal one, representing  an
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e“ , of very sm all mass, fully showering in the SD. For high energy hadrons the form er 
ra tio  was expected to  be very sm all, indicating th a t they did no t shower in the FLG. 
However low-energy hadrons showering in the FLGs resu lt in larger values of th is ratio . 
Using these criteria  su itab le  boundaries, for the above ratios, in the case of S D l, SD2, 
and SD4, were selected. Figures 4 .1.abc show two dim ensional p lots of these ratios for 
a sam ple of events, whose tracks were detected by S D l, SD2 and SD4 respectively. The 
lines indicate the boundaries, outside which particles were either undefined or identified 
as pions. In the case of Efr^nt/Etotai only a lower lim it is set. The scale along the ordi­
nate is due to the FLG energy having only been defined in term s of pulse height for SD2 
and SD4, i .e.  not norm alised.
Figures 4 .2 .a-f represent Efront/Etotai v E totai/Etrack p lots for tracks, belonging to  a 
sam ple of D ST events and te rm inating  in stack 3, according to  the values of the ir polar 
angles(^), up to 12 m rad, w ith an interval of 2 m rad. This angular division indicates 
th a t the polar angle criterion could be used as a m eans of fu rthe r im proving the electron- 
hadron discrim ination .
In order th a t possible low energy, wide-angle, hadrons, which m ay have been flagged as 
electrons, were not rejected the above boundary  cuts were applied in conjunction w ith 
the track s’ angles, utilising the electron pair p roduction  characteristic of pre-dom inantly  
occurring a t sm all angles(Figs. 4.2.a-c), in the horizontal plane, around the beam  direc­
tion . Figures 4 .2.d-f show a gradual increase in the population  of the hadronic region 
and its eventual dom ination  as 6 increases, while th a t of the electron region becomes 
uniform  and th in ly  scattered . As a consequence of repeating  the above observations for 
the three shower detectors the following definitions were arrived at:
a charged track, flagged as an e“ by the SDs, was taken as such if
• it was detected  by S D l w ith 6 < 6 m rad
•  it was detected by SD2 w ith 0 < 6 m rad
•  it was detected by SD4 w ith 0 <  4 m rad
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•  all the o ther tracks, w hether positively identified or am biguous, were taken to  be 
pions since kaons constitu ted  only a few percent of the hadronic sam ple. This 
con tribu tion  was estim ated  by form ing the <t> (—^ K '^K ~) invarian t m ass for two- 
track  events, w ithout any kaon discrim ination. It should be noted  th a t th is resonance 
has a very low detection efficiency because of the DM AX trigger. The ra tio  of the 
num ber of events con tribu ting  to  the (j) signal to  the to ta l ind icated  the ex ten t of 
kaon presence in the hadronic events.
The ra th e r  loose definition of pions rejected sm all-an g le electrons b u t accepted the 
forw ard-produced (w ith angles above the cuts) p° and w" tracks, whose showers in the 
SDs m ight have mimicked those of genuine electrons. As a result the loss of hadronic 
events due to  tracks having been m isidentified as electrons was confined, on average, to 
~  8% of cases. The disadvantage of such cuts, however, is con tam ination  by genuine 
electrons, which m ight have been m isidentified as hadrons or undefined, or those whose 
angles had sim ply been m ism easured.
Events qualified as hadronic had no electrons, defined as above. The rejection ra tes of 
charged tracks, detected  by S D l, SD2,and SD4, and defined as electrons by the bound­
ary selections, were 23%, 39% and 43% respectively. W ith  the addition  of the angular 
c rite ria  these ra tes were reduced to 8%, 29% and 40%, representing  the electron rejection 
rates, w .r.t. the to ta l num ber of tracks, by the above technique.
Further criteria in selecting p° and w" events significantly reduced the electromagnetic 
contam inations.
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4 .b . l  p" E v e n t S e lec tio n
The production  of sam ples of p^ events, w ith as little  background as possible, involved 
the investigation of the effects of various a ttr ib u tes , such as num ber of tracks, track 
m om entum  etc., and the determ ination  of appropria te  lim its on the ir values. A sam ple 
of 25000 random  hadronic events, as selected by the above procedure, were used for this 
purpose and the results applied to  all the hadronic events on DSTs.
The selection process began by, initially, assigning reasonably approxim ated  lim its on the 
values of a ttr ib u te s  and p lo tting  the resulting  p^  ^ invariant mass. Then, the values, w ith 
the ir lim its removed, of each a ttr ib u te  a t a tim e were p lo tted , separately, in the case of 
the reconstructed  2n  invariant mass falling w ith in  an interval, 0.65 - 0.85 G eV /c^, in the 
im m ediate vicinity  of the resonance peak, and for when it falls w ith in  the in te rva l(<  0.5 
G eV /c^an d  > 1.0 G eV /c^) containing m ost of the background. The choice of this
interval to  define the p" mass band was in accordance w ith the broad n a tu ra l w idth  of 
the resonance. A lthough it has some background events w ith in  it th is mass interval is, 
hereafter, referred to  as the p-band since it is expected to, m ainly, contain  genuine p" 
events. By com paring the two plots of values of the a ttr ib u te  their con tribu tions to  the 
p-band and the background were assessed and appropriate  lim its on them  determ ined 
by excluding the values whose contribu tion  to  the p-band was outw eighed by th a t to  the 
background. Also excluded was an a ttr ib u te  value which con tribu ted  m ore or less equally 
to  bo th  the signal and the background. T his was in line w ith the aim  of producing 
as clean a sam ple of p” events as possible. The lim its thus arrived a t replaced the 
in itially  approxim ated  ones, if different, for the particu la r a ttr ib u te . T his procedure was, 
individually , repeated  for o ther a ttr ib u tes  and the lim its on their values determ ined. The 
27t m ass plot produced w ith the in itial lim its on the values of the a ttr ib u te s  is presented 
in Fig. 4.3. The event a ttr ib u tes  investigated along w ith their in itia l, approxim ated , and 
final values are as follows;
N u m b e r  o f  b e a m  p h o to n s  a n d  e le c t ro n s  ----- the lim its on the num ber of beam
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electrons and photons were set to  zero th roughou t since they were prim arily  produced 
by m ultip le scattering  and secondary brem sstrah lung  of electrons near, w ith in  5 m rad  of, 
the beam  line.
N u m b e r  o f  n e u t r a l  p a r t i c l e s  since only the 2tt p decay channel was investigated
the num ber of neu tra l particles an event could have is 0. The con tribu tion  of decays, 
into 7T+ 7T", to  the p signal, in events containing neu tra l particles, is shown. Fig. 4 .4 .a, 
to  be sm all.
N u m b e r  o f  i s o la te d  g a m m a s  initially  the lim it on the num ber of such photons an
event could have was 0 - 1 .  The inclusion of events w ith a single isolated gam m a was in 
an ticipation  of possible events w ith a second, lower energy, b rem sstrahlung. F igure 4.4.b 
shows the 27t invariant-m ass, for events contain ing 1 such photon, m aking no significant 
con tribu tion  to  the p signal. Hence the lim it, on the num ber of isolated gam m as in an 
event, of 0, i.e . events w ith such photons were not used for p® selection.
N u m b e r  o f  w id e - a n g le  t r a c k s  the first approxim ation on the lim its of this a t­
tr ib u te  allowed the two tracks to  have angles up to the lim it of the G inny vertex detector 
acceptance, which was ±0.32 rad . However it was observed th a t events w ith  the charged 
tracks entering the spectrom eter a t wide angles did not con tribu te  significantly to  the p" 
signal above the background. Hence the new lim it on the num ber of such particles in an 
events was set a t 0.
S p e c t r o m e te r / T a g g in g  E n e r g y  R a t i o  ap a rt from the 35 GeV cut on the tagging
energy, EtapR» during the production , there have been no independent lim its set on its 
value or th a t of the spectrom eter energy, E.s,„.c, in the off-line analysis. Instead the ir ra tio  
was used to  exclude events whose spectrom eter energies either were badly  m easured, while 
the tagging energy was given more precisely, or constitu ted  a sm all fraction  of the to ta l 
energy available. The contribu tion  of the la tte r  is som ew hat sm aller since the events 
on DSTs were expected to  be m ainly forw ard-produced w ith  little  energy lost outside 
the spectrom eter. T his ra tio  should ideally be equal to  1 bu t since its values depended
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upon the resolution w ith which the two energies were m easured the ir con tribu tion  was 
approxim ated  w ith a gaussian form, whose s tan d ard  deviation  gave an indication  of the 
m ost appropria te  lim its for the ratio . These lim its were in itially  set to  be 0.75 — 1.25. 
Then by rem oving these lim its the values of the ra tio  were p lo tted  for events falling 
w ith in  the p" m ass-band and the background range. A gaussian d istribu tion , w ith its 
peak a t E„ppr/EtHRR =  1, of the form er plot resulted in cr =  0.08. The new lim its were 
set a t 1 ±  2.5(7 representing a range 0.8 — 1.2 w ithin which events were accepted. Figure 
4.4.C shows the 27t mass plot for the ra tio  outside th is interval.
N u m b e r  o f  c h a r g e d  t r a c k s  the requirem ent of 2 charged tracks was used th rough ­
out.
C h a r g e d  p a r t i c l e  3 - m o m e n tu m  there was no in itia l constra in t on the values of
th is a ttr ib u te , bu t the m ajority  of events w ith track-m om entum  below 10 G eV /c  were 
found. Fig. 4.4.d, to, overwhelmingly, con tribu te to  the background. Hence a lower lim it 
of 10 G eV /c  was imposed on all the charged partic les’ m om enta in an event.
The above cycle was iterated , in order to  check any possible fu rthe r im provem ents in the 
criteria , only to  confirm the aforem entioned values as the m ost app rop ria te  lim its on the 
a ttr ib u tes . The use of this m ethod only once was a consequence of se tting  reasonable first 
approxim ations, d ic ta ted  by the physics of coherent vector mesons and the spectrom eter 
perform ance. The com parison of the resulting mass p lot, shown in Fig. 4.5, w ith  th a t 
of Fig. 4.3 indicates the extent of the background rejected by the above criteria . In 
rendering a clean sam ple of p" events the im position of these criteria  also led to  the loss 
of some genuine p events. It is significant to  note th a t there were no lim its set on the 
transverse m om entum , pT, of the 27t resonance as the behaviour of th is a t tr ib u te  was 
investigated  indirectly  by considering the | t |( ~  p ^ )-d is trib u tio n  in the context of the 
ta rg e t analysis. Applying the above cuts DSTs were scanned and the selected events 
satisfy ing them  pu t on separate DSTs for bo th  200 and 225 GeV energy ranges. The 
p’^  loss due to  the final lim its, on the values of the a ttr ib u tes , are presented in Table
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4.1. Some low-mass background, sim ilar to  th a t seen in Fig. 4.5, still persisted in 
the resulting  mass d is tribu tions of the two sam ples. To fu rthe r clean these sam ples 
they were checked and necessary criteria  affected by com paring the ir behaviour w ith  the 
M onte-C arlo predictions.
4 . b . 2  p "  M o n t e  -  C a r l o
A M onte-C arlo sim ulation  program  was w ritten  to  prim arily  investigate the geom etrical 
acceptance of p‘*s in the spectrom eter and to calculate the efficiencies of the DM AX and 
the U p-Down(U — D) triggers(section 3.b). It should be noted th a t a m inim um  of one 
h it, above or below the central horizontal region of S D 1(±  6.4cm) or S D 2(±  3.5cm ), was 
required to  satisfy the la tte r. The M onte-C arlo sim ulation  also served as a m eans of 
com parison w ith the p" behaviour, and those of its constituen t charged pions, in the 
d a ta .
T he system  was generated, anisotropically, in the centre of m ass(CM S), w ith a
norm alised Breit - W igner d istribu tion  of the form
gfj — __________________________   u 2)
( M 2 .  -  M o)2  +  ( F /2 ) 2   ^ ^
where F, Mo, M 2 m  % are the FW HM , the p^ rest mass a t the peak, the 2n  invarian t 
m ass and a random  num ber to be generated. The criterion set on the generated mass, 
M, was th a t  M2^ >  2 M,^ > where value was given as 0.14 G eV /c^ . T his lower lim it 
was d ic ta ted  by the kinem atic consideration th a t the p" mass can no t be less th a n  the 
sum  of its constituen t charged pion masses.
T he d a ta  tagging energy d istribu tion , ob ta ined  w ith  no lim its w hatsoever on the event 
a ttr ib u te s , provided the inpu t energy in the M onte-C arlo. In th is way any loss due to  
the tagging energy was im plicitly taken in to  account. The o ther inpu t to  the simu-
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latioii was a po lar decay angular d is trib u tio n [86-88], of the 'k~ system , of the type 
W (cos 6) ~  sin^ 0 (Exp. 1.6). Also imposed was the lower lim it of 10 G eV /c  on the track 
3-m om entum  which was incorporated  in the d a ta . The transfo rm ation  of the resonance 
decay, into two oppositely charged pions, into the labora to ry  fram e was carried ou t by 
L orentz-boosting along the beam  direction into the spectrom eter.
40 ■ 10^ events were generated for DMAX distribu tions, w ith the m inim um  values of 
4 m m , 8 m m  and 30 mm, in the 200 GeV and 225 GeV energy ranges.
A lthough the norm al trigger consisted of the 4 mm DMAX cut and the U — D conditions 
Table 4.2 presents a list of the trigger efficiencies for the three values of the DM AX cut, 
hence providing a com parison between them , w ith and w ithou t the U — D cut. T his 
indicates an average loss, due to  the U - D  trigger, of ~  32%. The larger p" loss in the 
case of the 225 GeV energy, com pared to  th a t of 200 GeV, is consistent w ith  the greater 
alignm ent of the tracks w .r.t. each other(sm aller opening angles) and w .r.t. the beam  
d irection . The average loss due to  the U — D trigger alone is ~  39% in the higher energy 
range and ~  33% in the lower.
G enerating  events w ith the com bined tagging energy d istribu tions of 200 GeV and 
225 GeV d a ta  sam ples resulted in an overall(DM AX and U — D) efficiency of 42.6% 
for the norm al trigger, as indicated in Table 4.2.
4 . b . 3  D a t a  a n d  M o n t e  C a r l o  C o m p a r i s o n
The background in the selected data  p samples, for the two energy ranges, could be 
further reduced by the application of some criteria derived from the Monte-Carlo events. 
For this purpose the attributes of the data  events were compared with the corresponding 
Monte-Carlo distributions. In this way any area of major disagreement between data  
and Monte-Carlo could be observed and necessary conections applied to the former. 
One such observation was that of the presence of small-angle, small-momentum tracks
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in the d a ta  sam ples contrary  to  the M onte-C arlo prediction. Figures 4 .6 .ab, showing the 
p lots of track angle v track 3-m om entum , for the d a ta  and the M onte-C arlo respectively, 
indicate th is difference. The events containing such particles could be defined by a t least 
one of the tracks having a m om entum  less than  P, where P is given by a s tra ig h t line. 
Fig. 4 .6 .a, of the form
P =  p .  -  ^  (4.3)
where 6 is the track angle and P^ and 6c are the m om entum  and the angle cuts estim ated  
from the M onte-C arlo plots to  be 42 G eV /c  and 10.5 m rad. For consistency th is cu t was 
also im posed on the M onte-C arlo events as well as the d a ta . The suspicion th a t these 
events were either electrom agnetic or o ther non — p events was confirm ed by their mass 
plots, shown in Fig. 4.6.c for the com bined 200 GeV and 225 GeV sam ples. The peak 
a t ~  0.4 G eV /c^ seems to  be due to the 4> —* decays w ith the K meson assigned
the n  mass. The corresponding M onte-C arlo mass p lot, contain ing only a few events, 
ind icated  no p" loss.
The lower lim it of 10 G eV /c on the sim ulated track m om enta resulted in an average p 
loss of 4% consistent w ith th a t in the data .
A nother source of background was events whose bo th  tracks had polar angles less than  
7 m rad . As observed in the mass plot of Fig. 4 .7 .a such events did no t appreciably 
con tribu te  to  the p signal in the data , where events around 0.5 G eV /c^ m ay be due to 
the K„ —+ decays. However the corresponding sim ulated plot. Fig. 4.7.b, indicates
a loss in the  order of 1%.
A com parison of the DMAX distribu tions for the d a ta  and the M onte-C arlo, Figs. 4.8.ab, 
indicates a close agreem ent between the two. A slight shift, a difference of ~  4.5% between 
the two m ean values, tow ard the low values in the d a ta  m aybe due to  the failure of the 
DM AX trigger in rejecting events w ith DM AX below 4 m m . This is confirmed by the 
presence of such events in Fig. 4 .8 .a. The discrete natu re  of the DM AX d is tribu tion  is
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a consequence of its values having been m easured by an M W PC  of 2 m m  wire spacing. 
As described earlier the shower detectors played an im p o rtan t p a rt in detecting  and 
discrim inating  hadronic events. A m eans of assessing their perform ance was to  com pare 
the positions of particles on them  (hits) w ith  the sim ulated  ones. Figures 4.9. a-c and 
4 .lO.a-c represent the h its on S D l, SD2 and SD4 for d a ta  and the corresponding M onte- 
C arlo events. It should be borne in m ind th a t particles stopping in a p a rticu la r stack did 
not necessarily h it the ir corresponding SDs, hence some of the d a ta  tracks were projected 
onto  the SDs. The blank areas a t the centres of the plo ts represent the apertu res of the 
SDs. Lack of concentra tion  of h its in some areas around the perim eter of S D l apertu re  
was due partly  to  the inefficiency of the edge counters and p artly  to  the edge effect 
whereby a particle, touching the inner edge of the SD, did not stop  and went th rough to 
the next stacks. A lthough the m inim um  requirem ent of the U — D trigger allowed the 
possibility  of one particle h itting  a SD in the cen tral horizontal plane, the sim ulated  SD 
h it-d istribu tions suggest th a t th is probability  was ra th e r  sm all. Therefore the prom inence 
of h its, along these planes, in the d a ta , could be the result of
•  leakage, whereby the SD nonet of blocks, containing the  shower energy (pulse height), 
overlapped into the central region,
• energetic showers extending into the next stack or
• electrom agnetic particles, showering in the horizontal plane, con tam inating  the d a ta .
The investigation of the extended showers, if any, required the use of the shower genera­
tion packages, such as EGS, which were not incorporated  in the p M onte-C arlo program  
here.
A fter applying the s ta ted  cuts all o ther d istribu tions, of the a t tr ib u te s  of the d a ta  p 
events, were com pared w ith their sim ulated coun terparts  and found to  agree well. The 
average difference between the m ean values and the s tan d ard  deviations of the d a ta  dis­
tr ib u tio n s and those of the M onte-C arlo d istribu tions was ~  4.5%, hence ind icating  a
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reasonably  good agreem ent between the d a ta  and the M onte-C arlo.
4 . b . 4  F i n a l  E v e n t  S t a t i s t i c s
Equipped w ith the criteria  of section 4 .b .l and those predicted by the M onte-C arlo 
sim ulation  the final p" sam ple was produced, com bining bo th  the 200 GeV and the 
225 GeV sam ples. Due to the relatively sm all tagging energy difference, leading to a 
ra th e r  sim ilar behaviour of the two sam ples, it was deemed unnecessary to trea t the two 
sam ples separately. Presented in Fig. 4.11 is the to ta l p^ ' d a ta  sam ple. The mass peak 
indicates a down-ward shift of ~  30 M eV /c^, com pared w ith th a t of the M onte-C arlo 
and the nom inal p mass, M,,. This shift, well w ithin the experim antal mass resolution 
(to follow), and observed in the case of p^ because it is a broad resonance, is predicted 
in diffraction dissociation and given by the Ross-Stodolsky factor. Also predicted is the 
observed skewness of the p shape which agrees well w ith th a t of the sim ulated  one.
A scenario accounting for the above shift and the skewness hin ts a t the presence of a 
background of non-resonant pions interfering w ith  the p — decay pions. In reducing this 
background, inevitably, some genuine rhos were lost. The extent of th is loss is w ith in  
acceptable lim its.
T he d a ta  subsam ples for pions of various shower detector com binations indicate th a t the 
m ajority  of the p°s decayed into pions, which stopped in the corresponding stacks to  SD2 
and SD4, in good agreem ent w ith the M onte-C arlo predictions. Figures 4 .12.ab show the 
overhead and the la teral projections of two, 48 GeV and 24 GeV, pious, orig inating  from 
a 72 GeV p", produced in the ta rge t, traversing the spectrom eter and stopping in stacks 
3 and 5 respectively. W hat distinguishes them  from an e '^e" pair is th a t in the la tera l 
projection  the tracks of the la tte r  appear more or less as one track or two very close ones 
since they are generally produced, w ith sm all opening angles, in the horizontal plane.
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4 . b . 5  p "  M a e s  F i t
The p^ ’ spectrum  of Fig. 4.11 was fitted w ith a p-wave B reit-W igner(B W ) function of 
tlie type
g  • ■ F / t t  /  M,, Y
(M,? -  M ^ f  + { M „ T f  ' \ M 2 j
(4.4)
where
F = (4.5)
D{q r)
and D  is the B latt and W eiskopf barrier factor[89,90] for p given by
D{x) = 1 +  .
Here M,, is the mass of the resonance, F,, is the n a tu ra l w idth  of the resonance(0.154 
G eV /c^), F is the m ass-dependent experim ental w idth  of 27t system , g,, is the m om entum  
of the  decay pion in the tttt rest fram e at resonance, g is the m om entum  of the decay 
pion in the t t t t  rest fram e, M 2 n i s  the dipion mass, r is the range param ete r fixed at 
5.7 (G eV )"^ equivalent to 1 fermi, and I is the angular m om entum  of the decaying 
resonance given to  be 1. The factor {M, , /M 2 n)^  is th a t of Ross-Stodolsky and accounts 
for the skewness of p^  ^ shape[9l], (section l.a .5 ).
For the background(B G ) the following polynom ial was chosen
6 + rj ■ {M2n -  M,,) . (4.6)
The coefficients a ,  6, andr; are the free param eters of the fit. Also free were the values 
of M,,  and F,,. The fit was perform ed in 20 M eV /c^ m ass bins, each having m ore than  
5 events, using M INUIT in a m inim um  procedure, in the range 0.55 <  M 2 n <  0.95
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G eV /c^ . Bins w ith less than  5 events were com bined w ith their subsequent ones un til 
they contained more than  five events for the calculations.
There was no im provem ent, in the per degree of freedom, observed by either incorpo­
ra ting  a higher degree polynom ial background or using a m ore sophisticated  d istribu tion  
in place of Eq. 4.6. T his was also the case when F was fixed a t the n a tu ra l w idth  value. 
Due to  deterio rating  the fit param eters and in order to take in to  account the experi­
m ental resolution the results of the free F fit were reta ined  for subsequent analysis. The 
dashed curve in Fig. 4.11 corresponds to the fit according to  the sum  of the B reit-W igner 
and the background. The q uan tita tive  results of bo th  fits, w ith  free and fixed w idth , are 
presented in Table 4.3. The errors quoted are all s ta tis tica l as given by the fits.
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4 . c  l  E v e n t  S e l e c t i o n
To ob ta in  our clean sam ple of (—» tt'*'7t~ tt'*) events the sam e procedure as for the 
p selection was followed, using the sam e argum ents in determ ining the final selection 
criteria . Therefore, here, only the in itia l criteria  and the final results are presented. 
Table 4.4.
A pplying the la tte r  set of criteria  to  the full d a ta  the w mass plo t for the com bined 200 
GeV and 225 GeV sam ples was produced. Since this m ethod was dea lt w ith  in deta il in 
the case of p*’ the intervening plots for the om ega are no t shown here.
In investigating the criteria  for the w even t-a ttribu tes the events w ith  one isolated photon 
were the only ones showing an appreciable peak a t the mass. Due to  the large 
background in this sam ple energy d istribu tion  of these photons were fu rth e r investigated 
w ith a view to  reducing the  background. F igure 4.13 shows the m ass p lo t for the to ta l 
sam ple of such events. Any a ttem p t to reduce th is background w ithou t substan tia lly  
losing genuine w events proved to be unsuccessful. Hence the final sam ples were produced 
w ith such events retained.
A nother category of possible events was th a t in which the tt^  m ay have collapsed into 
two unresolved photons. A cut of 4 GeV in the photon energy, in line w ith  th a t of vr" 
m om entum  in the sam ple, was applied in order to  reduce the interference due
to  the p events, each containing a low-energy brem sstrah lung . In such cases the 7r‘*'7r~'Y 
invarian t mass d istribu tion  showed a broad peak, m ost probably  belonging to  the p, and 
no discernable one due to  the w. Since the experim ental mass resolution is greater than  
the p -  œ mass difference this peak indicates an am biguity  of ~  3.2% in assigning these 
events to  one resonance or the other.
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4.C.2 M o n t e  -  C a r l o
Sim ilar to th a t of p*’ a M onte-C arlo sim ulation  program  was w ritten  to  investigate the ge­
om etrical acceptance of events in the FRA M M  spectrom eter. The differences between 
this and and the p‘* sim ulation  are as follows;
• the 7t" tt” system  was generated, in the centre of mass, w ith a gaussian d istribu tion  
w ith cr =  42 M eV /c^,
• the lower lim it on the generated mass =  415 M eV /c^.
The 7r" was in tu rn  generated by two zero-mass particles. As in the p case the inpu t 
energy was generated based upon the d a ta  tagging energy d istribu tion . The efficiency 
of the DM AX trigger w ith and w ithout the Up-Down cuts are presented, for all three 
DMAX values in both  energy ranges, in Table 4.5. As before the last row of the tab le 
indicates the overall geom etrical efficiency, of 33.8% , for the norm al trigger(D M A X  
=  4 m m  as well as the U-D cu t), w ith  the events generated based upon the com bined 
tagging energy d istribu tions of the 200 GeV and 225 GeV d a ta  sam ples.
4.C.3 D a t a  a n d  M o n t e  C a r l o  C o m p a r i s o n
In order to  check the behaviour of the d a ta  com parison was m ade between the various 
d is tribu tions of the a ttr ib u tes  and their corresponding sim ulated  ones. Included in the 
M onte-C arlo were the lower lim it cuts of 4 G eV /c  on the m om enta of p ions(both  charged 
and neu tra l). This predicted a to ta l loss of ~  1.5%, due to such cuts, in agreem ent w ith 
the d a ta . T he sim ulation  did not indicate any m ajor disagreem ent requiring  any 
fu rth e r cu ts in the d a ta , in addition  to  those applied earlier.
T he average difference between the m ean values and the s tan d ard  deviations of the d a ta  
d istribu tions and those of the M onte-C arlo was ~  7%. A lthough th is discrepancy is
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alm ost twice th a t of the p, however it could be accounted for by the efficiencies of the 
SD s(not incorporated  in the sim ulation program ) detecting  the photons of the tt" decays.
4.C.4 w "  F i n a l  E v e n t  S t a t i s t i c s
As there were no cuts suggested by the sim ulation  program  the final to ta l w sam ple was 
produced, by com bining the 200 GeV and the 225 GeV ones, and presented in Fig. 4.14. 
It indicates a well-defined peak a t 0.78 G eV /c^ w ith a relatively sm all background. As 
in the case of the p" the m ajority  of the charged pions from the w decay stopped in stacks 
3 and 5, in good agreem ent w ith the M onte-C arlo predictions.
4.C.5 M a s s  F i t
The (jj p roduction  could have been determ ined by fitting to  a B reit-W igner function  w ith  
r  =  had the mass resolution been com parable to  its n a tu ra l w idth . As th is was not 
the case here the w mass spectrum , Fig. 4.14, was fitted  w ith  a gaussian function  of the 
type
^  - M w ) = / 2 , r =
y/2n
where
r
2.35
Here AL is the mass of the cu" resonance, F is the w idth  of the spectrum  trea ted  as a 
free param ete r of the fit, is the 37T mass and a  is the s ta n d ard  deviation .
T he background d is tribu tion  was of the form
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fi + 6 ■ M l -  (4.8)
The coefficients a,  ^  and 6 are the free param eters of the fit.
The fit was perform ed, using the sam e procedure as for the fit, for 0.66 <  < 0.92
G eV /c^ mass range. The dashed curve in Fig. 4.14 corresponds to the fit according to 
the sum  of Ekjs. 4.7 and 4.8. The q u an tita tiv e  results of the fit are shown in Table 4.6. 
The errors are, as before, all s ta tis tica l. R epeating  the fit w ith  different form s of the 
background achieved no im provem ents in the results.
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4 .d  M ass  R e so lu tio n
Due to the very narrow  n atu ra l w idth of the w its mass d istribu tion  can appropriately  
be used to  ob ta in  the experim ental mass resolution. To th is end the FW H M  of Fig. 
4.14 spectrum  was found to  be ~  100 M eV /c^ corresponding to  ~  42 M eV /c^, in 
good agreem ent w ith the s tandard  deviation  of the w fit, which was trea ted  as a free 
param eter. A lthough the mass resolution is a function of the m easured m ass it is not 
as significant in the case of a light particle, such as the w, as for heavier ones. This 
resolution is equivalent to two bins in bo th  the p and the w mass spectra , where the bin 
w idth  is 20 M eV /c^.
4 . e  p "  a n d  P r o d u c t i o n  R a t i o
A prelim inary  estim ate of the absolute p and w ra tes, and hence the ir respective cro- 
sections, resulted in large discrepancies w ith the ir expected values. T his was due, mainly, 
to the photon flux not having been directly m easured since the criterion  of an in teraction  
occurring in the ta rge t was enough to w rite the event on tape. T his was the single m ost 
im p o rtan t obstacle in a successful cross-section calculation. In view of th is  the calculation  
of the absolute cross-sections were no t pursued. However as a te s t of in te rna l consistency 
of the experim ent and a com parison w ith the VDM and the quark  m odel predictions the 
ra tio  of p/u) p roductions were calculated and presented here.
The ra tes of the p and w events used in calculating  this ra tio  are those resulting  from the 
fits(Tables 4.3 and 4.6) for the two resonances corrected for the M onte-C arlo geom etrical 
acceptances(Tables 4.2 and 4.5) and the branching ratios. As the resonance channels 
considered here were Tr'*' and Tr"*" 7r“ the values of the branching ratios are ~  100% 
and 89.6% respectively. Table 4.7 contains the final corrected event ra tes as well as their 
ra tio  of
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N
^  =  9.64 ±  0.54 (4.9)
w 11 ere the error is sta tis tica l. Since this indicates the ra tio  of production  in the sam e 
spectrom eter m ost of the system atic errors are cancelled ou t except th a t due to the 
shower detectors identifying the tt^’ photons in w events. In determ ining  the final event 
ra tes, and hence the ra tio , the losses due to  the a ttr ib u te s ’ cuts were no t included since 
they are m ore or less equal for bo th  resonances.
T his value of the p and w production  ra tio  is in good agreem ent w ith  the VDM and 
quark  m odel predictions as discussed in chapter 1.
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Chapter Five
Target Analysis
As sta ted  earlier the prim ary aim of producing and events was to  utilise them  to 
investigate the ta rge t behaviour. This is due to  the relatively w ell-understood properties 
of such resonances. However as a result of the sm all w event yield only the p events were 
used to  probe the ta rge t, taking the following steps:
• first an appropria te  and substan tia l subsam ple of the to ta l p^ events was selected to 
serve as the probe,
• th is p subsam ple was then used to investigate the m echanism  of locating the in te r­
action - point in the ta rge t,
• as a check on the ra tio  of photons in teracting  in germ anium  and silicon a sam ple of 
e ^ e "  events was used to m easure it. This was then com pared w ith  the calculated  
photon a tten u a tio n  as a check on the possible loss of photons in te racting  in the two 
p arts  of the ta rge t,
• after the above considerations the in te raction-po in t d is tribu tion  of the p sam ple 
was used to  calculate the A -dependence of the cross-section, w ith  A  as the mass 
num ber of the ta rge t. This dependence was again calculated  for the coherent events 
subsam ple, defined by the param eters of the fit on the t-d istribu tion .
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5 .a y  as  a P ro b e  o f th e  T a rg e t
p*’ events are a su itab le m eans of investigating the ta rge t. Since they decay, strongly, into 
7t“ , the ir points of in teraction  and decay can be taken to coincide since the p" pa th , 
of ju s t over 1 fermi, is well w ith in  the spa tia l resolution of the ta rge t. A nother advantage 
of such a tool lies in the natu re  of the p decay products, which are qu ite stab le
and constitu te  ~  100% of the decay modes. P rovided the decay occurs in the forw ard 
d irection  and w ith in  the fiducial volum e of the ta rge t th is s tab ility  would ensure d istinct 
ionisation p a tte rn s  in the germ anium  a n d /o r  silicon strips, which the pions traverse.
To this end the p sam ple of Fig. 4.11 was trim m ed to contain  only those events w ith in  
the range 0.55 <  M,, <  0.95 G eV /c^. The rem aining sam ple consisted of 12521 events 
which was deemed s ta tistica lly  adequate for carrying ou t the ta rg e t analysis.
5 . 8 . 1  I n t e r a c t i o n  -  P o i n t  L o c a t i o n
The selected p" events were used to  develop a m ethod  of locating  the in te raction -po in t of 
the photon in the ta rge t. Such a m ethod had to  be capable of d istinguishing between real 
in te raction-po in ts  and those resulting from or sm eared by the fluctuations in the ta rge t 
pulse heights. In order to remove any hum an bias and to  cope w ith  the relatively large 
num ber of events a com puter program  was developed to  carry ou t the task  of in teraction- 
po in t location. Typical ta rge t pulse height d istribu tions for 4 p events are presented in 
Figs. 5 .1.a-d, indicating  the characteristic 0 - 2  m ultip licity  step. The in teraction -po in t, 
ca lcu lated  by the program , is shown for each event to  be a t the strip  33, 53, 49 and 20 
respectively.
The program  located the in teraction  po in t based on the following steps;
(a) the ta rg e t was scanned to find the first s tr ip  “i ” so th a t its integerised height was 
>  1 M IP and the heights of “i -f- 1” and “i 4- 2” strips were each >  0.5 M IP. It can
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be seen, in some cases, e.g. in Fig. 5.1.b, th a t edges of the d istribu tions are not 
step-function  like, hence indicating  a sm all charge diffusion effect inside the detector. 
These three strips define one level. If the following strips proved to  have the sam e 
m ultiplicity  as these three strips then they too would be p a rt of th is level, i .e.  all 
the successive strips w ith  the sam e m ultip licity  constitu te  one level. The m inim um  
num ber of strips required to  define a level is 3. The m ultip lic ity  was determ ined by 
the strips of a level having the sam e integerised num ber of M lPs.
(b) If there were three or m ore consecutive strips, “j ” , “j  +  1” and “j  + 2 ” , each having 
a height <  0.5 MIP, anywhere after “z-|- 2” , then the step  (a) was repeated  s ta rtin g  
from “j  -t-2” to  find a replacem ent for “t” . This m echanism  served to  d istinguish  the 
true  in teraction  point in events, where pulse height “flashes” , due to  electronic fluc­
tua tions, created “holes” in the m iddle, before the ac tua l in teraction  po int. F igure
5.1.C, showing a typical exam ple of such events, also indicates fluctuations in strips 
a t and beyond the production  point.
(c) An add itiona l criterion was set whereby once the strip  “t” was determ ined provi­
sionally, the heights of the strips “t — 1” , “t — 2” and “t — 3” were checked. The 
first of the three strips having > 0.5 M lPs was chosen to  replace the provisional 
in te raction-po in t “i” . However if non of the three strips im m ediately  preceding “t” 
had the m inim um  height then “t” itself would be reta ined  as the in te raction -po in t. 
T he choice of th is criterion was prom pted by the observation of 50 random ly  selected 
ta rg e t pulse height d istribu tions by eye. In a num ber of these the ju m p  in the m ul­
tiplicity , from 0, preceded by a few strips having sm all heights in M lPs. T his may 
have either sim ply been due to  the ta rge t fluctuations rela ting  to the calib ration  
and pedestal sub trac tion , or th a t these sm all pulse heights were caused by m ultip le 
scattering  as the photon proceeded to  in teract.
T he program  successfully detected the occurrence of 6-rays by the ir chai acteristic height
in the ta rg e t. A typical event in which a 6 - ra y ,  w ith its pulse height centred a t strip
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27, was created  is shown in Fig. S .l.d . F igure 5.2 indicates the d is tribu tion  of the 
in teraction -po in ts, for the whole sam ple, determ ined by the ta rg e t program  before any 
cuts were applied to  them . The “spikes” are in strips 1 and 49(the first s tr ip  of silicon). 
It should be noted th a t all the in teraction -po in t d istribu tions show the M IPs in the active 
strip s only, i .e.  the first and the 50^*' strips of Ge are not given since they were no t read 
ou t. H ereafter the strip  num bers will refer to the active strips unless otherw ise s ta ted .
5 . a . 2  R e j e c t i o n s  a n d  L o s s e s  D u e  t o  T a r g e t  P r o g r a m
To exclude events which were not produced w ithin the ta rge t the following criteria  were
incorporated  into the ta rge t program .
(a) If there was any signal in strips 1, 2 and 3 indicating  an in teraction  point, or a
m ultip licity  >  0, the event was rejected as having charge, due to  the in teraction  
occurring outside the ta rge t, entering it. Also rejected were events in which the 
in te raction-po in t was determ ined to  be in strips 62 or 63. This resulted  from the 
requirem ent of a m inim um  of 3 strips to  define the in te raction-po in t. Such events, 
1447, constitu ted  11.6% of the whole sam ple.
(b) Events were rejected if the program  did no t find any in teraction -po in t, as defined,
in the ta rg e t. T here were 1026(8.2%) of such events in which the ta rge t was em pty.
(c) T he first strip  of silicon(49^*‘strip) consisted of events in which the p may have 
been produced in the 50*'' germ anium  strip (inactive), in the steel w indow (~  0.3% 
rad ia tio n  length) or in the first Si s trip  itself. The “spike” in Fig. 5.2 represents 
the sum  of all these events. The probability  of in teraction  for each of these three 
categories was calculated, using the photon a ttenuation(see later) principle, and 
the ir sum was found to  agree w ith the height of the “spike” relative to those of its 
adjacent Ge and Si strips. To avoid introducing any uncertain ties as to  which of
79
these categories an in teraction  belongs, all the 452(3.6%  of the to ta l) events, whose 
in teraction-poin ts were represented by strip  49, were rejected.
(d) A nother rejected subsaniple contained events rendered as undefined by the ta rge t 
program . The ta rge t p a tte rn s  did not satisfy any of the above criteria  nor did they 
show any definitive in teraction-poin ts. The eye-scanning of the ta rg e t d istribu tions 
of such events, 148(1.2% of to ta l) , resulted in the confirm ation th a t they could 
no t represent any p*' production  in the ta rge t, where the pulse heights m ust have 
been due to  electronic fluctuation or m ultiple scattering  caused by the lower energy 
photon of a double brem sstrahlung.
For each of the above categories 50 random ly selected events were eye-scanned in order 
to  es tim ate  the failure ra te  of the ta rge t analysis program . This check confirmed the 
decision of the program  in all of the 50 events in each category.
The rejection of events on the grounds of the above criteria  does not bias the d a ta  since 
the A -dependence calculation depends upon the production  ratio , in the two p arts  of the 
ta rg e t. T his in tu rn  takes into account the ir respective lengths, w ith in  which production  
occurs.
The above cuts resulted in the rejection of 3073 events or 24.5% of the to ta l selected p 
sam ple, leaving 9448 events w ith which to  proceed w ith the  A-dependence calculation . 
F igure 5.3 shows the in teraction-poin t d istribu tion  for the the rem aining p^ events.
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5 . 8 . 3  T a r g e t  P r o g r a m  E f f i c i e n c y
T he ta rg e t p ictures of 100 random  events, from the selected sam ple, were eye-scanned in 
order to  determ ine the efficiency with which in teraction  points were deduced. In these 
events the observed in teraction-poin ts were in agreem ent w ith  those found by the pro­
gram . However a fu rther check was m ade to  ascertain  the quality  of the above technique 
in determ ining the in teraction-poin t. This was carried ou t by fitting its d is tribu tion . Fig.
5.3, over all of the germ anium  strips{4-48) range, w ith an exponentia l function  of the 
type
( 5 . 1 )
where x  is the position of each strip  along the Ge ta rge t. For fitting  purposes the num ber 
of strips were converted into length (cm) “bins” and then reconverted in to  strip  “bins” 
a t the tim e of o u tp u ttin g  the d istribu tion .
P and T] are the free param eters of the fit w ith  the la tte r  representing  the  Ge rad ia ­
tion  length. The fit, shown by the curve in Fig. 5.3, resulted  in a rad ia tio n  length  of 
2.66 ±  0.62 cm w ith  a % ^/DOF of 0.61 and 98% probability . The num ber of in te raction  
points, or events, in the Ge part, given by the fit is 8277 ±  293 while the fit for the silicon 
section gave the num ber of events there to  be 1116 ±  64. These two values resulted  in 
an in teg rated  in teraction  ra tio  of 7.42 ±  0.51.
The above value, from the fit, of the Ge rad ia tion  length is in agreem ent w ith the cal­
cu lated  (92,93) one(2.41 cm ), hence confirming the validity  of the m ethod  used to  define 
in teraction  points. This is fu rther reaffirmed by the results of a sim ilar fitting  procedure 
for a selected e+ e "  sam ple (next section).
It should be noted th a t the choice of germ anium , as opposed to  silicon, in carry ing out 
the fits, was m otivated  by sta tis tica l considerations.
The ju m p  from m ultip licity  0 to th a t of 2 occurred in 89.3% of events while the rest
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showed higher m ultip licity  changes. T his was in agreem ent w ith  the observation of the 
event pictures. Also indicated was th a t ~  95% of the higher (>  2) m ultip lic ity  jum ps 
were due to  6- rays and the rem ainder due to  overflows in the pulse height.
G reater accuracy would have only been possible by eye-scanning the ta rg e t pictures of 
all the events. T his would have introduced a bias, which m ight no t have been consistent 
th roughou t.
5 . b . l  e ^ e  I n t e r a c t i o n
As a m eans of checking the experim ental ra tes of production , and ob ta in ing  an esti­
m ate  of the photon in teraction , in germ anium  and silicon a sam ple of e ^ e "  events were 
produced. All the DSTs were scanned w ith cuts, shown in Table 5.1, of which some were 
sim ilar to  those of p". A pplying the criteria  of the ta rge t p rogram  the final e'*'e~ sam ple 
was reduced, from 4505 to 3556 events.
The points where photons in teracted  in Ge and Si, resu lting  in pair production , were 
determ ined . Fig. 5.4. F ittin g  over the Ge p art of th is d istribu tion , the curve in Fig.
5.4, in exactly  the sam e way as described in the previous section, resulted  in a value of 
2.27 ±  0.69 cm for the rad ia tion  length, w ith  a % ^/D O F of 0.90 and 66% probability . 
T his is in good agreem ent w ith the expected value of 2.41 cm. Slight m odifications to  the 
way the in te raction-po in t is determ ined did no t significantly change the results of th is 
fit, nor indeed those of the p in teraction-poin t fit. T his is an ind ication  of the s tab ility  
and consistency of the in teraction-poin t finding technique.
F ittin g  the d is tribu tion , over each of the two sections of the ta rg e t, yielded a ra tio , of 
the in tegrated  in teraction-poin t rates, of 7.56 ±  0.52.
The ra tio  of the photon interaction  rates, indicated  by the relative average heights of the 
two ta rg e t segm ents in the d istribu tion , broadly agrees w ith  the corresponding value in 
the p d is tribu tion .
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5 . b . 2  P h o t o n  A t t e n u a t i o n
Due to the dim ensions of the ta rg e t constituen ts, particu larly  those of the silicon section, 
being larger th an  the photon beam  divergence no significant loss of photons Avas expected 
to occur. However this was checked by calculating  the in teg rated  num ber of photons 
expected to in te ract in Ge and Si, using the phenom enon of photon  attenuation[94,95], 
which deals w ith the reduction of intensity  according to  an exponential decay law of the 
form
1 = 1 , ) .  (5.2)
where /  is the num ber of photons a t a distance z i n a  m ateria l of a tten u a tio n  (rad iation) 
length Xa,  over which the photon intensity  is reduced by a factor e. /o is the num ber 
of photons a t X =  0 which served as the norm alisation  constan t. This re la tionsh ip  was 
utilised in calculating  the exected num ber of photon  in teractions in strips 4 -  48, for 
germ anium , and 50 -  61, for silicon, tak ing  into account the effects of the disused strips 
1 - 3  and 49. The resulting  ra tes of the in tegrated  photon in teractions, expected in the 
Ge and Si, are 16.0% and 2 .0 % of the to ta l(/o ) respectively, giving a ra tio  of 8 .0 . This 
is to be com pared w ith the observed value of 7.42 ±  0.51 from  the p d a ta  fits. Also 
com pared w ith th is expectation  is the corresponding ra tio , of 7.56 ±  0.52, from  the e + e "  
d a ta  fits.
T he above agreem ents w ith the theoretical prediction m aybe construed as
• absence of any appreciable loss in the incident photons
• a fu rthe r v indication of the technique applied in locating the in te raction -po in t
•  presence of an in ternal consistency w .r.t. the behaviour of germ anium  and silicon 
sections of the ta rge t.
O ther quan tities, deduced from  the above expression and required for the rela tive cross- 
sections com putations, are the expected average photon ra tes available for in teraction  in
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each section of the ta rge t. These were found by tak ing  the m ean values of the available 
num ber of photons a t strips 4, 49 and 50, 61 to  be 90.3% and 80.4% of the to ta l, for Ge 
and Si respectively, giving a ra tio  of ~  1.12 . The broad agreem ent of th is ra tio  w ith th a t 
of the e+ e "  d a ta  is reflected in the ra tio (~  1.3) of the average heights of the Ge and the 
Si in the in teraction-po in t d is tribu tion . Fig. 5 .4 .
5.C p" C r o s s  - S e c t io n  A  - D e p e n d e n c e
The differential p photoproduction  cross-section, off com plex nuclei, m ay be described[96|
by
~  ( lA  pA) =  A" ^  {'tN  p N )  (5.3)
where A is the mass num ber of the nucleus, in th is case those of Ge and Si, N  represents 
the nucleon and A" is the effective mass num ber tak ing  p a rt in the in te raction  rela ted  
to  the ac tua l mass num ber by a ,  whose m easurem ent is the subject of investigation  here. 
In o the r term s A" could describe the ra te  of growth of per nucleus cross-section. Since 
absolute cross-sections are not dealt w ith in th is thesis the ra tio  of the p° productions 
on germ anium  and silicon were used to determ ine the value of a .  This was carried out 
by u tilising, for each ta rg e t nucleus, the rela tionship
N ,  = [N., < a > I N a c I / A ] ^  (5.4)
where TV,, is the num ber of ps produced in the ta rge t of mass num ber A, is the 
to ta l num ber of photons of which 90.3% (previous section), on average, is available for 
in te raction  in Ge and 80.4% in Si, I is the ta rg e t length w ith in  which in te ractions are 
considered. This is 0.45 cm (45 strips) for germ anium  and 0.24 cm (12 strips) for silicon,
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N a is the A vogadro’s num ber, d is the density of the ta rg e t (Table 2.1) and < cr >  is 
the average p** photoproduction  cross-section off the ta rge t nucleus which is rela ted  to 
the cross-section on the nucleon by Eq. 5.3. The ra tio  of the p roduction  off Ge and 
Si may be w ritten , using expression 5.4, as
Nr;, _  0.903 [ i d A ' ^ - ^
Nsi “  0.804 Is,
(5.5)
Inserting the appropria te  quantities, including those of p^ p roduction  ra tes, would result 
in the value of a .
In itia lly  the to ta l Ge and Si p sam ples, irrespective of w hether the events were coherent or 
otherw ise, were used to  calculate a.  Then the four-m om entum  squared, jtj, d is tribu tion  
of the events was utilised to  provide a sam ple of coherent events, which finally led to  the 
de term ination  of the value.
5.C.1 O v e ra l l  p" P r o d u c t io n  A - D e p e n d e n c e
At th is stage of the analysis there was no distinction  m ade between coherent and inco­
herent events. Therefore the p" in teraction rates, given by the fit of section 5.a .3, were 
inserted, along w ith o ther appropriate  quantities, into Eq. 5.5 yielding
a  = 1.45 ±  0.05 . (5.6)
The error given is sta tis tica l. Due to  the dim ensions of the ta rg e t detectors being much 
sm aller th an  their distances from  the spectrom eter they can qu ite reasonably  be consid­
ered decoupled from it, hence independent of any system atic errors resu lting  from the 
spectrom eter set-up. Furtherm ore since the Ge and Si detectors were used in conjunction 
w ith  each o ther and th a t the analysis, here, involves ratios and no t absolute values of 
the two, any system atic error was though t to  be negligible.
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5.C.2 t  - D is t r ib u t io n  & C o h e re n t R a te
To determ ine the a. value for coherent photoproduction  the ex ten t of the con tribu tion  
of such a m echanism , to the to ta l sam ple, had to be separated  and m easured. This 
separation  could be perform ed sta tistica lly  using the t-d istribu tion , where t is the four- 
m om entum  transfer squared. (Strictly  speaking t ' =  |t — t,nj,i| should be used b u t since
îvl ^
|tuiin| =  4^  <  2 • (G eV /c)^ the replacem ent of t ' by t was deem ed justified.) 
The m ajority , if not all, of events in the sam ple were expected to be coherent, leading to a 
narrow  peak, in the t-d istribu tion , near the forward direction. However the t-d is tribu tion , 
shown in Fig. 5.5, on a sem i-logarithm ic scale, of the p" sam ple indicates a fall-off 
spread over large, w .r.t. the diffraction region(43|, values of t. T his difference between 
the expected t-d istribu tion  and th a t of the d a ta  is believed to  be due to  the sm earing 
of the la tte r  caused by the experim ental resolution. This was confirm ed by a M onte- 
C arlo sim ulation program  investigating the experim ental resolution perta in ing  to  the t 
m easurem ent. The sim ulated  d istribu tion . Fig. 5.6, of the m easured t-values resembles 
the corresponding t-region in the d a ta  d istribu tion . Inpu tted  in the M onte-C arlo program  
were the  appropria te  experim ental resolutions due to  the beam  divergence, p angle and 
m om entum . Also generated were the beam  energy and the p angu lar d istribu tions. 
The la tte r  was derived from an exponential t-d is tribu tion  w ith  a slope param ete r of 80 
(G e V /c )“  ^ (43]. The sim ilarity  of the sim ulated  d istribu tion  of the m easured t-values 
w ith  the corresponding t-region in the d a ta  strengthens the p robability  th a t the event 
sam ple is overwhelm ingly coherent and th a t the departu re , in the d a ta , from  the expected 
coherent t-d istribu tion  is due to  the experim ental resolution. However the probability  
th a t the corresponding events to the higher t-values are incoherent rem ains finite.
The d istinction  between the two, coherent and incoherent, types of p roduction  requires 
some m odel for the processes(26|, however in practice the difference between m odels is 
negligible. Hence the choice of the very sim ple phenom enological model(97| of
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—  =  a ■ e '’* +  c • e (5.7)
dt
to  fit the t-d is tribu tion  w ith, a, 6, c and d are the free param eters of the fit. T he expo­
nentials represent the coherent contribu tion  and w hat is considered to  be the incoherent 
p a rt of the t-d istribu tion . The fit was carried ou t in 0.01 (G eV /c)^  t-b ins, each having 
more than  five events, using M IN UIT in a m inim um  procedure. The bins w ith  less 
than  five bins were com bined w ith their subsequent ones un til they satisfied th is  lim it. 
T he results of the fit are presented in Table 5.2. The errors are s ta tis tica l. The values, 
21.14 ±  0.45 (G e V /c )“  ^ and 4.79 ±  0.32 (G eV /c)~ ^ , of the slope param eters b and 
d characterise the coherent and incoherent p roductions respectively. Cofrxbîné-d
da orxd ^  da ta  u ^ r e  u-ied tonS
i t a - t I s t i  Ct% t  f t i ^ c  tiA{L~tion •
Also determ ined by the fit are the rates of coherent and incoherent events a t any point 
in the t-d istribu tion . The poin t beyond which the ra te  of coherent events’ con tribu tion  
falls below th a t of incoherent ones is ~  0.21 (G eV /c)^ . However in strik ing a balance 
between such considerations as the overall fractions of the coherent con tribu tion  and loss 
and incoherent contam ination , the coherent cut-off was set a t t =  0.15 (G eV /c)^ , w ith in  
which events were overwhelmingly coherent (diffractive region). Table 5.3 gives the de­
ta ils of these ra tes w ithin the cut-off. T his value of the cut-off corresponds, broadly, to  
the sm eared diffraction region, as represented by the above sim ulation  of the m easured t- 
d is tribu tion . Fig. 5.6, and is in reasonable agreem ent w ith the theoretical prediction  100]. 
T he coherent loss indicates the num ber of coherent events lost as the ir t-values were be­
yond the cut-off. It should be noted th a t the coherent con tribu tion  was reduced to  zero 
a t t =  0 .39  (G eV /c)^ , where its in tegrated  con tribu tion  was 89.5% of the  events.
T he events beyond t =  0.15 (G eV /c)^ , w hether coherent or not, constitu ted  too sm all a 
sam ple, less th an  10% of the to ta l, to  be used for fu rthe r investigation  in to  the incoherent
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behaviour.
5.C.3 C o h e re n t  A  - D e p e n d e n c e
Equipped witli the value of the t cut-off the in teraction -po in t d is tribu tion  for coherent 
events, w ith t < 0.15 (G eV /c)^  was produced. Fig. 5.7. As before the two segm ents of 
the d istribu tion  were fitted w ith an exponential function in order to  ob ta in  the ra tio  of 
the in teraction  ra tes in Ge and Si for the determ ination  of acoh  value. The in teraction  
ra tes and the resulting  value of acoh,  144  ±  0.06, for coherent events are presented in 
Table 5.4. T his value of a  indicates a good agreem ent w ith  th a t( l .4 0  ±  0.06 ±  0.04) of 
the Ferm ilab group. A lthough the upper lim it of t =  0.15 (G eV /c)^  produced reasonable 
results for coherent events, in term s of their loss and con tam ination  by incoherent events, 
nevertheless the effects of o ther values of the cut-off po int, on the value of a,  were 
investigated in order to  check its sensitivity  to  them . Table 5.5 shows the t-cu ts, w ith 
which the in teraction-poin t d istribu tion  was produced, along w ith the ir corresponding 
values of a c ’o/i- This com parison indicates no significant change in a  as t varies.
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Conclusion
The photoproduced p'' and w*' events, in germ anium  and silicon targets, were analysed. 
The final sam ples, for the two resonances, after fitting the selected events w ith  their 
appropria te  functions, contained 10155 ±  418 and 749 ±  28 events, respectively. After 
tak ing  into account the geom etrical acceptances and the branching ra tios the resulting 
ra tes led to a p roduction  ra tio  of 9.64 ±  0.54. This value indicates a reasonably  good 
agreem ent w ith those of 5 C/3 , VDM (9) and the quark  m odel(9.89) predictions. However 
it represents a deviation  of ~  4cr from the D M 0  prediction(7.44) and an even larger one 
from th a t of S aku ra i’s( 13.85). The m easured ra tio , reported  here, is w ith in  one s tan d ard  
dev iation  of those of o ther experim ents. Table 1.1. The agreem ent, w ith in  the s ta tis tica l 
errors, w ith m ost of the above m easurem ents and predictions po in ts to  the in te rnal con­
sistency of the d a ta  as well as to  the success of some of the theoretical m odels, no tab ly  
the S U 3  and VDM , in describing the vector meson production  as far as the p/w  produc­
tion ra tio  is concerned.
A clean sam ple of p" events provided the m eans for the ta rge t analysis. The in ter­
action location m echanism  was found, by eye-scanning some sub-sam ple events, to  be 
reasonably  efficient in finding the interaction(decay) po in t in the ta rge t. This was also 
confirmed by the agreem ent between the fitted values(2 .66± 0 .62cm  and 2 .27±  0.69cm ) of 
the Ge rad ia tion  length (the slope of the in teraction-poin t d istribu tion) and the expected 
value(2.41 cm ). T his efficiency could have been fu rther investigated by eye-scanning all 
the events bu t it was deemed im practical to do so.
The final selected p" sam ple, containing 9448 events produced in the Ge and the Si parts  
of the ta rge t, was then used to  m easure the A-dependence of the coherent p photopro­
duction  cross-section. The novelty of this investigation lies in the com bination  of three 
features, which are: the p** coherent photoproduction , use of Ge as a ta rge t and an 
explicit  calculation  of the exponent (a) of the m ass num ber.
89
For the to ta l sam ple, w ithout any selection for coherent events, a  was calculated  to be 
1.45 ± 0 .0 5 . Coherent events were selected by im posing a cut-off, in the four-m om entum  
transfer squared(t), of t <  0.15 (G eV /c)~ ^ , which contained 97.4% of the coherent 
events in the whole sam ple. This may be com pared w ith  the t cut-offs chosen, by an­
o ther experim ent[46], to  contain  approxim ately  90% of the coherent p roduction.
For coherent events the value of a  was m easured to be 1.44 ±  0.06. The closeness of the 
two m easured values of a  points to  a strong probability  th a t m ost, if no t all, of the p" 
events, accepted by the N A l trigger system s, are coherent. T his acoh  value is w ith in  
one s tan d ard  deviation of the Ferm ilab result indicating  an agreem ent, which broadly, 
extends to some of the reviewed estim ates, w ith in  the errors due to reading values off 
the A - cross-section d istribu tions. W ith  respect to  the theoretical p red ic tio n (a  =  4 /3 ) 
of the coherent A -dependence the m easured a  value shows a deviation of abou t 2c j . This 
theoretical value of a  corresponds to  the coherent production  in which the nucleus is 
com pletely opaque. Such a com plete opacity im plies th a t the shadowing effect is a t its 
m axim um . Therefore by com parison the m easured value of aooh indicates th a t not only 
the nucleus is not com pletely tran sp aren t to  the mesons bu t indeed there appears to 
be a some degree of absorption , as predicted by the  VDM.
In carrying ou t the above m easurem ents no system atic errors were included since they 
were sm all. M ost of such errors were cancelled ou t as a result of
dealing w ith ratios, as opposed to absolute num bers of events or cross-sections.
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R em arks
9 1 2 S Ü 3  , VDM
9 0.65 1.33 Sakurai
9 1.21 1.34 D M 0
9 0.91 1.50 Q uark Model
9 ±  1.30 1.15 ±  0.25 1.91 ±  0.42 7  beam
9 ±  2.4 1.1 ±  0.3 1.5 ±  0.4 Ref. [40]
8.8 ±  2.6 1 ±  0.2 1.7 ±  0.4 N orm alized to  7 j ^  =  1
9 ±  1.41 1.27 ±  0.14 2.08 ±  0.15 Storage Ring
9.4 ±  0.1 1.03 ±  0.1 7  Beam [88]
8.99 ±  1.38 1.27 ±  0.14 2.08 ±  0.11 e'^'e" Collision [58]
Table 1.1
A ttribu te Silicon G erm anium
Atomic N um ber Z 14 32
Mass N um ber A 28.1 72.6
Density 2.33 g/cm ^ 5.33 g/cm ^
R adia tion  Length 9.8 cm 2.4 cm
High Energy Pion 24 cm 10.5 cm
Interaction  Length
M ost P robable Energy 285 K eV /m m 584 K eV /m m
Loss for M IPs
Table 2.1
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D etector Active A perture Cell Size
Surface (cm^) Surface (cm^) (cm^)
FLO BACK 
(cm /  (cm /  Xo)
FS 122 X 122 19.2 X 19.2 3.2 X 3.2 2 4 / 5 26 / 12
S D l 122 X 122 19.2 X 19.2 3.2 X 3.2 2 4 / 5 26 / 12
SD2 49 X 35 14 X 14 3.5 X 3.5 1 0 / 4 40 / 16
SD4 42 X 28 7 X 7 3.5 X 3.5 1 0 / 4 50 / 20
SD5 42 X 35 3.5 X 3.5 1 0 / 4 50 / 20
Table 2.2
M agnet
1
2
3
Length (m)
1.25
1.25 
2.30
G ap (cm) 
100 
52 
52
Field B (KG)
5.0 
5.4
9.1
Table 2.3
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A ttrib u te C l C2
N um ber of Cells 22 10
N um ber of P lanes 11 5
Planes Spacing (mm) 30 to 77 53
G as (a t a tm . pressure) C O 2 Dry Air
Average Length (cm) 155 200
7T^  T hreshold (G eV /c) 4.87 5.97
K± Threshold (G eV /c) 17.2 21.1
Table 2.4
Trigger R ate percent of BOO
BOO/burst 1.33 • 10® 100%
Trigger R ates per 10^ BOO percent of BOO
TA G G ing 8.69 10® 8.69%
TT i 2.17 10® 2.17%
e'*' C ounter 1.88 • 10® 1.88%
TCO 12.40 • 10® 12.40%
TCO * B1 11.50 10® 11.50%
TCO * m  * TAG G 1.68 10® 1.68%
Free S trobe 7.41 ■ 10® 7.41%
Par. S trobe 6.49 ■ 10® 6.49%
SD5 28.40 • 10® 28.40%
Final -  173
Table 3.1 
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Trigger R ates per 10® 
Par. S trobe
Percent per 
Par. S trobe
Front Anti 21.26 • 10® &13%
Surr. A nti 0.055 10® 0.01%
DMAX 134 • 10® 0.13%
HADRONS S D l 0.43 • 10® 0.04%
PH O TO N S S D l 1.07 ■ 10® 0.11%
HADRONS SD2 0.79 • 10® 0.08%
Final 0.27 • 10® 0.03%
Table 3.2
A ttribu te
No. of charged tracks 
No. of neu tra l particles 
No. of isolated gam m as 
No. of w ide-angle tracks
Esppr /EfapK
C harged track 3-m om entum
Lim its
2
0
0
0
0.8  -  1.2
> 10 G eV /c
p® Loss
4.2%
2.5%
4.9%
2 .0%
3.0%
3.4%
Table 4.1
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Energy DMAX O pening Trigger Efficiency
( G e ^ (mm) Angle (mr) DM AX DM AX +  U-D
200 4 5.3 7&3% 49.8%
200 8 10.7 70.3% 47.0%
200 30 40.1 0.3% 0 ^ %
225 4 5.3 58.6% 35.9%
225 8 10.7 53 ^% 31.9%
225 30 40.1 0.0% 0.0%
Com bined 4 5.3 62.7% 42.6%
200 & 225
Table 4.2
Mass W idth No. of pO x V d o f probability
(M eV /c2). (M eV /c2) Events
759 ±  5 204 ±  8 10155 ±  418 1.22 24%
760 ±  5 154 9409 ±  623 1.46 0.1%
Table 4.3
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A ttribu te Initia l Lim its F inal L im its w® Loss
No. of charged tracks 2 2 3.59%
No. of neu tra l particles 1 - 2 1 1.5%
No. of isolated gam m as 0 - 3 0 - 1 4.8%
No. of wide-angle tracks 0 0 1.4%
0.7 - 1.3 0.8 - 1.2 3.3%
C harged track 3-m om entum ----- >  4 G eV /c &2%
N eutral ptl. 3-m om entum ----- >  4 G eV /c 2.5%
Table 4.4
Energy DMAX O pening Trigger Efficiency
(GeV) (mm) Angle (mr) DMAX DM AX +  U-D
200 4 5.3 58.29% 41.1%
200 8 10.7 49.8% 33.4%
200 30 40.1 ffi2% 0.1%
225 4 5.3 47.1% 27.3%
225 8 10.7 41.3% 24.8%
225 30 40.1 0 ^ % 0.0%
Com bined 4 5.3 47.5% 33.89%
200 & 225
Table 4.5
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Mass W idth  
(M eV /c2) (M eV /c2)
No. o fw "
Events
X ^/D O F  x^ P robab ility
788 ±  2 42 ± 4 749 ±  28 1.24 25%
Table 4.6
p® Events R ate w® Events R ate p®/w® R atio
23838 ±  981 2473 ±  92 9.64 ±  0.54
Table 4.7
A ttribu te L im its
No. of charged tracks 2
No. of neu tra ls 0
No. of isolated photons 0
No. of w ide-angle tracks 0 - 2
Esppc/Etagg 0.8 - 1.2
Table 5.1
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h (G eV /c)2 
21.14 ±  0.45
d (G eV /c)2 
4.79 ±  0.32
x"/DOF
1.65
probability
0 . 1%
Table 5.2
Coherent C ontribu tion Coherent Loss Incoherent C on tam ination
92.9% 2 ^ % 7.0%
Table 5.3
No. of Ge - Events No. of Si - Events Ge /  Si Events R atio  a^o/i
7394 ±  223 1006 ±  37 7 . 3 5  ±  0 . 3 6 1.44 ±  0.06
Table 5.4
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t C u t - Off (upper-lim it) (G eV /c)^  cicoh
0.10 1.44 ±  0.06
0.12 1.44 ±  0.06
0.15 1.44 ±  0.06
0.17 1.43 ±  0.06
0.20 1.43 ±  0.06
0.25 1.43 ±  0.06
0.30 1.43 ±  0.07
0.35 1.43 ±  0.07
Table 5.5
105
N
(al Ibl (0
F ig  1.1 Point-like behavior of th e  photon, a)Deep QED Compton 
scattering , b) QCD Compton scattering , c) Photon-gluon  
fu s io n .
t
1Figs 1.3a 1.3b
Hadronic behavior of the photon. 1.2)Vector meson. i . 3 ab ) 
'Anomalous' components of the photon structure  function
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